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Abstract!"Bdelloid"rotifers"are"microscopic"aquatic"animals,"notable"for"their"ancient"asexuality"and"their"extreme"desiccation"tolerance."In"the"absence"of"sexual"reproduction,"bdelloids"have"persisted"for"over"40"million"years,"diverging"into">450"morphologically"distinct"species."Despite"the"twoGfold"cost"of"sex,"asexual"lineages"tend"to"be"shortGlived"and"species"poor."Many"theories"exist"to"explain"the"success"of"sexual"reproduction,"and"in"the"light"of"these,"ancient"asexual"lineages"are"an"evolutionary"paradox."Understanding"the"persistence"and"speciation"of"ancient"asexuals"may"provide"clues"to"factors"underlying"the"success"of"sexual"reproduction.""Bdelloid"rotifers"have"unusual"genomic"features"that"may"have"provided"some"compensation"for"their"longGterm"absence"of"sexual"reproduction."Here"I"focus"on"two:"multiple"gene"copies"and"horizontal"gene"transfer"(HGT).""Bdelloids"have"multiple"copies"of"many"genes,"and"are"considered"degenerate"tetraploids."In"genomes"influenced"by"the"opposing"forces"of"gene"conversion"and"divergence"of"former"alleles,"I"examine"the"relationships"between,"and"biochemical"implications"of"divergence"of"a"multiGgene"family"of"alpha"tubulin.""Horizontally"acquired"genes"were"initially"identified"in"subGtelomeric"regions"of"two"species"of"bdelloid"rotifer."In"order"to"understand"what"role"foreign"genes"might"have"played"in"bdelloid"evolution"we"need"to"examine"the"extent,"frequency"and"mechanism"of"HGT."Here"I"develop"a"bioinformatics"pipeline"for"identifying"horizontally"acquired"genes"in"transcriptomes."By"comparing"HGT"in"a"number"of"bdelloid"species"species"I"demonstrate"that"the"majority"of"transcribed"foreign"genes"were"acquired"before"the"divergence"of"extant"bdelloid"species,"but"the"presence"of"more"recently"acquired"genes"implies"that"HGT"is"ongoing."By"comparing"the"extent"of"HGT"in"closely"related"species"with"different"desiccation"frequencies"I"provide"initial"support"for"the"hypothesis"that"bdelloid"HGT"is"facilitated"by"DNA"breakage"and"repair"during"cycles"of"desiccation"and"rehydration."
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Chapter!1:!Introduction!""It"is"widely"acknowledged"that"sex"is"costly."John"Maynard"Smith"was"the"first"to"describe"what"he"termed"the"twofold"cost"of"sex"(Maynard"Smith,"1978):"given"two"populations,"one"asexual"and"one"sexual,"where"each"parent"gives"rise"to"two"offspring"per"generation,"the"asexual"population"has"the"potential"to"double"every"generation,"whereas"the"sexual"population"is"simply"maintained."In"a"sexually"reproducing"population"only"50%"of"a"parent’s"genes"are"passed"to"their"offspring,"and"sexually"reproducing"organisms"have"to"expend"energy"to"find"a"mate."Despite"these"obvious"shortGterm"costs,"sex"persists,"and"amongst"eukaryotes"sex"is"the"predominant"mode"of"reproduction.""Asexuals"have"a"“twiggy”"distribution"on"the"tree"of"life,"and"this"is"often"taken"to"mean"that"when"asexual"reproduction"arises,"extinction"often"follows."In"order"to"explain"the"overall"prevalence"of"sexually"reproducing"organisms,"despite"the"twoGfold"cost"of"sex,"more"than"20"shortGterm"advantages"to"sex"have"been"proposed"(Barton"and"Charlesworth,"1998;"Hurst"and"Peck,"1996;"Kondrashov,"1993)."These"explanations"centre"around"the"argument"that"sexual"reproduction"provides"variation"for"natural"selection"to"act"on"(Burt,"2000)."Because"sex"allows"rearrangement"of"allele"combinations,"reproducing"organisms"will"be"more"effective"at"minimizing"the"accumulation"of"deleterious"mutations,"and"at"combining"advantageous"ones."Further"to"their"reduced"potential"to"adapt"to"environmental"change,"asexuals"arising"from"loss"of"sex"also"start"from"an"extreme"population"bottleneck"and"so"will"initially"contain"just"a"fraction"of"the"genetic"diversity"of"the"population"they"arose"from."The"absence"of"sexual"reproduction"means"the"absence"of"an"important"mechanism"of"generating"genotypic"variability."""Despite"the"general"predominance"of"sex"amongst"eukaryotes,"asexual"clades"do"exist,"and"some"extant"asexual"clades"have"persisted"for"millions"of"years."On"the"face"of"it,"these"ancient"asexuals"pose"a"problem"to"evolutionary"theory;"however,"
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studying"these"exceptions,"and"how"they"overcome"the"pitfalls"of"asexuality,"can"help"us"to"discriminate"between"the"different"theories"of"sex,"and"to"test"predictions"about"the"negative"impact"of"asexuality"(Judson"and"Normark,"1996;"Normark"et"al.,"2003).""This"thesis"investigates"the"paradoxical"existence"of"ancient"asexuals"using"a"group"that"has"apparently"survived"without"sexual"reproduction"for"over"40my,"bdelloid"rotifers."Bdelloid"rotifers"are"a"class"of"microscopic"aquatic"metazoans,"ranging"in"size"from"0.1mm"to"around"1mm"in"length"(Towle,"1989)."They"can"be"found"in"almost"every"freshwater"habitat,"from"streams"and"ponds"to"more"transiently"aquatic"environments"such"as"mosses"and"billabongs."As"such"they"are"remarkably"desiccation"tolerant,"and,"possibly"as"a"result"of"this,"they"are"also"resistant"to"freezing"(Newsham"et"al.,"2006)"and"high"levels"of"ionizing"radiation"(Gladyshev"and"Meselson,"2008)."Besides"their"unusual"resilience"to"environmental"extremes,"bdelloid"rotifers"are"interesting"because"they"are"one"of"the"very"few"examples"(and"by"far"the"largest)"of"a"long"lasting"asexual"clade"of"animals."Found"in"Dominican"amber"in"a"mine"dated"as"35G40my"old"(Poinar"and"Ricci,"1992)"bdelloids"have"existed"for"tens"of"millions"of"years,"and"despite"their"lack"of"sexual"reproduction"they"have"speciated"during"this"time"into"around"450"species"(Segers,"2007)"distinguishable"by"both"morphology"and"as"genetic"clusters"(Fontaneto"et"al.,"2007)."In"this"chapter"I"review"the"evidence"for"bdelloid"asexuality"and"current"understanding"of"their"genome"structure.""It"is"generally"accepted"that"bdelloid"rotifers"reproduce"by"apomictic"thelytoky"(Hsu,"1956a,"1956b;"Ricci,"1987);"females"produce"offspring"via"unfertilized"eggs,"themselves"the"result"of"mitosis"rather"than"meiosis."Whilst"their"closest"relatives"the"monogonont"rotifers"are"facultative"asexuals"and"do"reproduce"sexually,"bdelloid"rotifers"are"thought"to"be"obligate"asexuals."Initially"this"assumption"was"based"on"absence"of"evidence"of"sex:"Leeuwenhoek"first"described"bdelloids"in"the"late"17th"century"(Van"Rijnberk"and"Palm,"1999)"yet"no"males"have"ever"been"described"in"over"300"years"of"subsequent"study,"and"there"is"also"no"evidence"of"meiosis."With"the"advent"of"inexpensive"and"rapid"sequencing"techniques"it"became"possible"to"test"bdelloid"rotifers’"putative"
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asexuality"in"other"ways;"there"are"now"genetic"indicators"supporting"the"probability"that"bdelloid"rotifers"have"not"had"sex"throughout"their"evolutionary"history.""The"first"line"of"evidence"came"from"work"by"Mark"Welch"and"Meselson"(2000)."They"argued"that"longGterm"asexual"reproduction"without"meiosis"allows"former"alleles"to"diverge;"in"contrast,"crossing"over"during"meiosis"maintains"sequence"similarity"between"alleles"in"sexually"reproducing"organisms."This"divergence"of"former"alleles"(known"as"the"Meselson"Effect)"is"expected"to"lead"to"a"loss"of"the"pairs"of"closely"similar"haplotypes"in"asexual"genomes,"and"this"is"indeed"the"pattern"that"they"found"when"they"examined"four"different"genes"(Heat"Shock"Protein"82,"TATAGbox"binding"protein,"RNA"polymerase"III"large"subunit"and"triosephosphate"isomerase)"across"four"bdelloid"rotifer"species."This"pattern"has"later"been"observed"in"other"genes"and"species"within"bdelloids"(Mark"Welch"et"al.,"2004,"Hur"et"al.,"2009)."More"recently"the"validity"of"these"results"has"been"called"into"question"by"the"discovery"that"bdelloids"are"not"diploid"but"tetraploid"(Mark"Welch"et"al.,"2008),"with"four"copies"of"some"genes."This"provides"an"alternative"explanation"for"the"appearance"of"divergent"former"alleles,"whereby"these"genes"interpreted"as"former"alleles"are"in"reality"duplicated"copies.!"Another"signature"of"asexuality"is"the"decay"and"loss"of"transposable"genetic"elements"(Hickey,"1982)."Consistent"with"this"expectation,"Arkhipova"and"Meselson"(2000)"found"that"bdelloid"rotifers"lack"two"major"classes"of"retrotransposon"that"are"found"in"all"other"metazoans"examined."""It"is"thought"that"one"problem"with"asexual"reproduction"is"the"buildGup"of"deleterious"mutations"in"the"genome"(Muller’s"ratchet)."As"expected"if"bdelloids"have"a"history"of"asexuality,"Barraclough"et(al."(2007)"found"evidence"of"inefficient"selection"against"deleterious"mutations"in"the"mitochondrial"gene"cytochrome"oxidase"I"(CO1)"across"three"clades"of"bdelloids."
!The"recent"publication"of"the"genome"of"one"species"of"bdelloid"rotifer,"Adineta(
vaga,"has"provided"the"most"conclusive"evidence"that"bdelloids"have"been"
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evolving"without"meiosis"for"a"long"time;"their"genome"is"rearranged"in"such"a"way"that"meiosis"would"not"be"possible"(Flot"et"al.,"2013)."Chromosomal"rearrangements"of"this"type"have"been"observed"in"aphid"lineages"after"presumably"recent"transitions"to"asexuality"(Blackman,"1980;"Blackman"et"al.,"2000),"so"this"is"not"necessarily"evidence"of"ancient(asexuality,"but"it"is"at"least"a"strong"indication"that"extant"bdelloids"are"obligate"parthenogens.""Other"putative"ancient"asexual"metazoan"taxa"do"exist,"but"at"present"all"have"more"cause"for"uncertainty"than"the"bdelloids."Darwinulid"ostracods,"a"family"of"crustaceans"comprising"28"species"(Rossetti"and"Martens,"1998),"have"been"considered"as"good"candidates"for"an"anciently"asexual"lineage"(Butlin"et"al.,"1998;"Chaplin"et"al.,"1994;"Judson"and"Normark,"1996)."However,"recent"identification"of"three"live"males"in"one"species"(Smith"et"al.,"2006)"calls"their"ancient"asexual"status"into"question."The"case"for"oribatid"mites,"another"potentially"ancient"asexual"taxon"(Maraun"et"al.,"2004),"is"also"weakened"by"the"presence"of"rare"nonGfunctional"males"(Maraun"et"al.,"2003),"and"no"evidence"for"the"Meselson"Effect"(Schaefer"et"al.,"2006),"although"this"can"be"explained"by"the"presence"of"automictic"reproduction."At"the"younger"end"of"ancient"asexuality,"two"species"of"Timema"stick"insects"have"potentially"existed"without"sex"for"over"a"million"years"(Schwander"et"al.,"2011),"demonstrating"an"associated"accumulation"of"deleterious"mutations"(Henry"et"al.,"2012),"and"one"of"these"species"has"unpaired"chromosomes"(Schwander"and"Crespi,"2009),"another"indication"of"longGterm"asexual"reproduction."Other"metazoan"species"put"forward"as"candidates"for"ancient"asexuality"such"as"rootGknot"nematodes"(Judson"and"Normark,"1996)"have"been"shown"to"have"transitioned"to"asexuality"more"recently"(Lunt,"2008)."Given"both"the"absence"of"any"evidence"of"sexual"reproduction"in"bdelloids"and"now"the"multiple"lines"of"genetic"evidence"that"fit"with"expectations"of"what"an"asexual"genome"should"look"like,"bdelloid"rotifers"still"form"one"of"the"most"convincing"metazoan"clades"of"ancient"asexuals.""Based"largely"on"the"observation"that"asexual"lineages"form"a"“twiggy”"distribution"on"the"tree"of"life,"asexual"reproduction"is"generally"seen"as"an"evolutionary"dead"end."It"is"thought"that"when"an"asexual"lineage"arises"it"is"
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likely"to"be"short"lived"and"lacking"in"species."Muller’s"ratchet"is"expected"to"lead"to"a"higher"extinction"rate"(Otto"and"Lenormand,"2002)."Although"apomixis"removes"the"constraint"preventing"divergence"of"diploid"alleles,"it"also"removes"allele"shuffling"as"a"source"of"genetic"variability."Asexuals"should"also"theoretically"be"less"able"to"fix"advantageous"mutations"(Orr,"2000),"which"might"lead"to"lower"rates"of"speciation"and"to"higher"rates"of"extinction"in"changing"environments.""Because"of"the"persistence"and"speciation"of"bdelloids"despite"their"lack"of"sexual"reproduction,"efforts"have"been"focused"on"understanding"what"features"might"have"helped"bdelloids"to"evade"the"normal"fate"of"obligately"asexual"lineages."To"understand"the"paradoxical"existence"of"ancient"asexual"lineages,"we"need"to"explain"their"long"term"survival"in"the"absence"of"known"mechanisms"to"generate"genetic"diversity."Some"clues"to"the"bdelloids’"remarkable"persistence"and"speciation"might"lie"in"unusual"features"of"bdelloid"genetics."Both"bdelloids’"asexuality"and"their"resistance"to"desiccation"are"considered"to"have"had"profound"effects"on"their"genome"structure."Two"features"in"particular"might,"in"theory,"provide"“additional"genetic"material”"for"potential"adaptive"use:"degenerate"tetraploidy"(and"gene"duplication"more"broadly)"and"horizontal"gene"transfer"(HGT).""It"is"possible"that"bdelloid"rotifers"became"asexual"after"a"genome"duplication,"either"by"a"hybridization"event"or"by"whole"genome"replication,"which"had"the"effect"of"doubling"their"ploidy"from"diploid"to"tetraploid"(Flot"et"al.,"2013;"Mark"Welch"et"al.,"2008)."Divergence"of"former"alleles,"along"with"the"pseudogenisation"and"loss"of"some"gene"copies"through"relaxed"selection,"has"led"to"the"breakdown"of"the"tetraploid"pattern"in"some"regions"of"the"genome."Thus"the"bdelloid"rotifer"genome"is"described"as"degenerately"tetraploid.""Despite"the"decay"of"tetraploidy"over"time,"it"has"been"observed"that"in"general"regions"appear"to"be"present"in"coGlinear"pairs"i.e."the"four"matching"chromosomes"resulting"from"the"genome"duplication"form"two"pairs"of"chromosomes"with"higher"divergence"between"the"pairs"and"lower"within"(Mark"
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Welch"et"al.,"2008)."Analysis"of"the"A.(vaga(genome"(Flot"et"al.,"2013)"has"shown"that"anciently"duplicated"divergent"segments"and"more"similar"paired"regions"are"not"restricted"to"classical"chromosomal"pairings,"but"are"in"fact"dispersed"around"the"genome."The"low"divergence"within"pairs"has"been"explained"by"the"proposal"that"“allelic”"pairs"are"maintained"by"a"process"called"gene"conversion,"whereby"paired"copies"are"used"as"templates"for"the"repair"of"DNA"doubleGstrand"breaks"caused"by"desiccation."The"effect"of"gene"conversion"can"be"observed"in"the"Hsp82(gene"in"Philodina(roseola(as"a"pattern"of"regions"of"high"sequence"identity"interspersed"along"paired"copies"of"the"gene"(Mark"Welch"et"al.,"2008),"and"has"now"been"observed"at"the"genome"level"(Flot"et"al.,"2013).""There"are"two"main"conceivable"benefits"to"be"gained"from"bdelloids’"multiple"copies,"and"theoretically"these"should"have"two"very"different"effects"on"copy"evolution."The"first"is"that"they"provide"bdelloids"with"the"templates"that"they"need"for"efficient"DNA"repair"during"cycles"of"desiccation"and"rehydration."This"might"allow"them"to"colonise"inhospitable"niches,"or"it"might"facilitate"their"“drying"up"and"blowing"away”"to"avoid"parasites"(Wilson"and"Sherman,"2010)."The"alternative"is"that"multiple"copies"might"be"used"adaptively"through"neoGfunctionalisation."Under"this"scenario"former"allele"copies"would"be"free"to"diverge,"and"thus"act"as"extra"genetic"material"for"adaptation."Divergence"of"gene"copies"has"been"observed"in"a"protein"important"in"desiccation"resistance,"late"embryogenesis"abundant"(LEA),"where"two"copies"have"diverged"so"significantly"that"they"have"different"biochemical"properties"and"putative"cellular"locations"(PouchkinaGStantcheva"et"al.,"2007).""Gene"duplication"abounds"across"all"three"domains"of"life"(Zhang,"2003),"and"in"general"gene"duplication"has"been"viewed"as"a"source"for"the"evolution"of"functional"novelty"(Sidow,"1996)."If"a"duplicated"gene"reaches"fixation"in"a"population,"its"fate"can"then"follow"a"number"of"routes;"pseudogenisation,"conservation"of"function,"subGfunctionalisation"or"neoGfunctionalisation."Duplicated"genes"taking"on"a"novel"function"have"been"documented,"for"example"red"and"green"sensitive"opsin"genes"in"humans"originated"by"gene"duplication"
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(Yokoyama"and"Yokoyama,"1989),"and"gene"duplication"has"been"implicated"in"species"level"adaptive"differences"(Zhang"et"al.,"2002).""It"has"been"demonstrated"that"multiple"gene"copies"can"provide"genetic"novelty"in"a"broad"range"of"organisms."I"am"interested"in"whether"(and"how)"bdelloids"are"making"use"of"their"degenerate"tetraploidy"and"multiGgene"families"to"allow"them"to"adapt"and"speciate"despite"the"limitations"of"asexuality."In"chapter"2"I"look"at"one"gene"family"in"particular,"alpha"tubulin,"across"a"set"of"four"bdelloid"species"from"two"families."This"gene"has"more"copies"than"predicted"by"degenerate"tetraploidy,"and"these"copies"show"signs"of"divergence"between"copy"types"and"purifying"selection"within,"as"well"as"indications"of"gene"conversion"between"similar"copies"within"species."It"does"appear"that"bdelloids"can"utilize"divergence"of"former"alleles,"although"we"can"only"speculate"about"what"these"new"functions"might"be."Alpha"tubulin"appears"to"be"not"only"another"example"of"maintenance"and"divergence"of"multiple"gene"copies"in"bdelloids,"but"also"shows"extensive"further"gene"duplication"to"have"occurred.""In"addition"to"their"tetraploid"genome,"bdelloid"rotifers"appear"to"have"undergone"extensive"horizontal"gene"transfer,"possibly"facilitated"by"desiccation"(Gladyshev"et"al.,"2008)."The"nearTtelomeric"regions"one"species"of"bdelloid"rotifer,"Adineta(vaga(contain"multiple"genes"with"no"sequenced"metazoan"homolog,"or"with"far"closer"sequence"identity"with"members"of"a"nonGmetazoan"clade."A"few"similarly"nonGmetazoan"looking"genes"have"been"identified"near"the"telomeres"in"another"bdelloid"species,"Philodina(roseola."Genes"have"been"identified"as"putatively"being"derived"from"eubacteria,"fungi,"plants"and"archaea."Although"some"of"these"foreign"genes"were"unlikely"to"be"functional,"many"were"apparently"intact,"and"one"yielded"an"active"enzyme"when"expressed"in"E.(coli."Other"genes"of"apparently"bacterial"origin"have"introns"in"bdelloids."Depending"on"how"common"horizontal"gene"transfer"is"amongst"bdelloid"rotifers,"it"is"possible"that"importing"foreign"genes"is"another"way"that"bdelloids"are"able"to"negate"some"of"the"problems"caused"by"a"lack"of"novel"genetic"material.""
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Amongst"prokaryotes"there"are"numerous"described"cases"where"genes"gained"by"HGT"have"impacted"fitness,"involving"the"evolution"of"antibiotic"resistance"(Davies,"1994),"biodegradation"(Williams"and"Sayers,"1994)"and"pathogenicity"(Hacker"et"al.,"1997)"and"it"has"been"implicated"in"the"speciation"of"E.(coli"(Médigue"et"al.,"1991)."HGT"tends"to"involve"the"incorporation"of"novelty"at"the"periphery"of"biochemical"pathways"(Pál"et"al.,"2005a),"and"can"allow"the"exploitation"of"new"resources"or"provide"ways"of"increasing"pathogenicity"or"resistance"to"predators."In"eukaryotes,"where"HGT"is"a"much"less"frequent"occurrence,"there"are"still"described"cases"where"a"foreign"gene"has"allowed"the"exploitation"of"a"novel"resource"(Acuña"et"al.,"2012;"Danchin"et"al.,"2010)"or"has"been"involved"in"susceptibility"to"predators"(Moran"and"Jarvik,"2010).""There"are"numerous"cases"where"foreign"genes"are"acquired"but"go"on"to"lose"their"functions"by"the"accumulation"of"deleterious"mutations"(Lynch"and"Conery,"2000;"Lynch"et"al.,"2001),"and"the"presence"of"multiple"foreign"genes"near"the"telomeres"of"one"bdelloid"species"(Gladyshev"et"al.,"2008)"does"not"directly"imply"that"these"genes"are"transcribed"or"functional."Furthermore,"for"HGT"to"compensate"in"any"way"for"bdelloids’"longGterm"lack"of"sexual"reproduction,"it"would"have"to"be"an"ongoing"and"relatively"frequent"occurrence."Before"we"can"speculate"about"the"adaptive"role"of"HGT"in"bdelloids"there"are"a"number"of"questions"that"need"to"be"addressed.""i."How"might"foreign"DNA"be"entering"bdelloid"genomes?"The"number"of"foreign"genes"identified"by"Gladyshev"et(al.((2008)"is"undeniably"high"in"comparison"to"other"multicellular"species."There"are"a"number"of"potential"reasons"for"the"rarity"of"HGT"in"metazoa,"from"divergent"ecological"niche/genomic"background"between"potential"donor"and"host"individuals,"lower"metabolic"diversity,"and"higher"overall"complexity,"to"the"barrier"presented"to"HGT"by"a"sequestered"germGline."Bdelloids"may"have"a"unique"way"around"this"problem,"which"could"partially"explain"their"abundance"of"foreign"genes."It"has"been"demonstrated"that"when"faced"with"a"dose"of"ionising"radiation,"bdelloid"DNA"appears"to"be"shattered"and"then"reassembled"(Gladyshev"and"Meselson,"2008)."If"a"similar"process"explains"their"ability"to"survive"repeated"rounds"of"
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desiccation"and"rehydration"G"bdelloids"lack"the"usual"trehalose"for"protecting"the"cell"during"desiccation"(Lapinski"and"Tunnacliffe,"2003),"and"radiation"and"desiccation"resistance"are"analogous"in"Deinococcus"(Mattimore"and"Battista,"1996)"G"then"desiccation"induced"DNA"breakage"and"repair"might"provide"a"route"into"the"germGline"for"foreign"DNA"(Gladyshev"and"Arkhipova,"2010;"Gladyshev"et"al.,"2008).""In"chapter"4"I"aim"to"examine"the"relationship"between"HGT"and"desiccation"by"quantifying"the"extent"of"HGT"in"bdelloid"species"from"the"genus"Rotaria(with"a"range"of"desiccation"frequencies"and"tolerances.""ii."Is"extensive"HGT"a"feature"of"all"bdelloid"rotifers?"Prior"to"the"work"undertaken"here,"the"evidence"of"extensive"HGT"came"from"a"fosmid"library"from"A.(vaga"and"P.(roseola."For"HGT"to"have"had"a"significant"influence"on"bdelloid"adaptation"(enough"to"explain"their"persistence"for">"40my"and"diversification"into">"450"species),"HGT"would"have"to"be"a"feature"common"to"most"or"all"bdelloids."In"chapters"3,"4"and"5"I"look"for"the"presence"of"foreign"genes"across"a"range"of"bdelloid"species,"both"at"the"genomic"(chapter"5)"and"the"transcript"(chapters"3"and"4)"level.""iii."Are"the"foreign"genes"identified"in"bdelloid"genomes"transcribed?"Only"three"of"the"genes"identified"as"foreign"in"Gladyshev"et(al.((2008)"were"demonstrated"to"be"transcribed,"while"five"were"“in"varying"degrees"of"decay”."Again,"before"we"can"consider"the"adaptive"potential"of"foreign"genes"in"bdelloids"we"need"to"demonstrate"that"they"do"not"simply"have"a"large"number"of"foreign"genes"in"their"genomes,"but"that"a"large"number"of"these"genes"are"also"transcribed"and"are"therefore"capable"of"being"translated"into"polypeptides;"there"is"only"adaptive"potential"if"foreign"genes"can"impact"the"phenotype.""iv."Are"foreign"genes"the"result"of"ongoing"HGT"or"were"they"acquired"before"the"divergence"of"extant"bdelloid"species?"Whether"foreign"genes"were"acquired"recently"in"individual"species"as"the"result"of"frequent"and"ongoing"HGT,"or"if"they"were"acquired"before"the"divergence"of"
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extant"bdelloid"species"and"have"been"evolving"alongside"the"native"bdelloid"genome"ever"since,"has"big"implications"for"the"involvement"of"these"genes"in"the"divergence"of"bdelloid"species."Ongoing"and"frequent"HGT"would"make"uptake"of"foreign"DNA"a"more"plausible"prospect"for"a"“replacement"for"sex”"than"HGT"that"takes"place"rarely"or"that"no"longer"occurs.!"In"chapter"4"I"identify"foreign"genes"in"four"species"of"bdelloid"from"the"genus"
Rotaria"and"compare"these"to"each"other"and"to"foreign"genes"identified"in"
Adineta(ricciae(in"chapter"3"and"Boschetti"et(al.((2013)!(appendix"II)."By"plotting"these"genes"onto"a"phylogenetic"tree"of"these"five"species"I"identify"genes"acquired"at"different"points"in"the"divergence"of"bdelloid"species."I"confirm"the"maintenance"of"foreign"genes"across"a"broad"species"range"in"chapter"5."
!Transcriptome"data"generated"for"examining"horizontal"gene"transfer"in"bdelloid"species"can"also"be"used"to"answer"other"questions"related"to"the"impact"of"ancient"asexuality"on"bdelloid"genomes.!Reduced"ability"to"purge"deleterious"mutations"has"been"demonstrated"in"the"mitochondrial"gene"cytochrome"oxidase"1"(Barraclough"et"al.,"2007),"but"could"be"tested"at"a"genomeGwide"scale"using"new"transcriptome"data."Furthermore,"the"availability"of"transcripts"from"four"species"of"the"genus"Rotaria"allows"me"to"address"the"question"of"speciation"in"asexual"taxa.!!
!Organisms"are"distributed"to"form"distinct"genetic"and"morphological"clusters,"but"how"these"species"or"clusters"arise"and"are"maintained"remains"an"important"question"in"evolutionary"biology"(Barraclough"et"al.,"2003;"Coyne"and"Orr,"1998)."Sexual"reproduction"is"often"cited"to"explain"the"existence"of"discrete"evolutionary"units"(Maynard"Smith"and"Szathmary,"1997),"but"ecological"factors"are"also"important"(Schluter,"2001;"Via,"2002)."Diversifying"selection"can"lead"to"adaptation"to"divergent"ecological"niches,"and"this"mechanism"could"conceivably"act"to"form"discrete"clusters"in"asexuals"as"well"as"in"sexually"reproducing"organisms."Indeed,"strictly"asexual"clades"have"been"shown"to"form"genetic"and"morphological"clusters"similar"to"those"present"in"sexually"reproducing"taxa"
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(Barraclough"et"al.,"2003;"Bode"et"al.,"2010;"Fontaneto"et"al.,"2007)."However,"the"mechanisms"of"asexual"divergence"remain"unstudied"at"the"genetic"level.!"In"chapter"6!I"undertake"selection"scans"of"the"sequenced"transcriptomes"of"four"species"of"bdelloid"rotifer"from"the"genus"Rotaria,"to"identify"candidate"genes"for"ecological"divergence"in"the"absence"of"sex."Further"to"this"I"will"compare"the"results"of"selection"scans"of"both"bdelloid"and"monogonont"rotifers"to"examine"selection"pressures"acting"on"sexual"and"asexual"species."The"genus"Rotaria(is"unusual"amongst"bdelloids"because"it"contains"species"that"experience"a"broad"range"of"desiccation"frequencies"(Fontaneto"et"al.,"2004)."Two"of"the"species"examined"here"are"sister"species"and"live"sideGbyGside"on"the"waterlouse"Asellus(
aquaticus"(Fontaneto"and"Ambrosini,"2010)."Divergence"of"sister"species"on"A.(
aquaticus,"and"divergence"of"all"four"species"in"terms"of"desiccation"tolerance"(and"associated"habitat"changes)"provide"an"opportunity"to"identify"genes"involved"in"adaptation"in"an"asexual"clade."Furthermore,"comparison"with"a"selection"scan"on"the"transcriptomes"of"two"monogonont"rotifer"species"allows"for"examination"of"differences"between"sexual"and"asexual"species.""""""""""""""""""""""
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Chapter!2:!Multiple!functionally!divergent!and!
conserved!copies!of!alpha!tubulin!in!bdelloid!rotifers!""This"chapter"was"published"in"slightly"modified"form"as:"Eyres,"I."et(al."(2012)"Multiple"functionally"divergent"and"conserved"copies"of"alpha"tubulin"in"bdelloid"rotifers."BMC"Evol."Biol."12,"148.!
!
Introduction!Bdelloid"rotifers"are"microscopic"aquatic"invertebrates"of"particular"interest"for"two"features"of"their"lifestyles."First,"they"have"persisted"for"tens"of"millions"of"years"(Poinar"and"Ricci,"1992)"and"diversified"into"around"450"recognized"species"(Segers,"2007),"despite"the"apparent"absence"of"meiosis"and"sex"(Mark"Welch"et"al.,"2004)."Second,"adult"bdelloids"can"survive"essentially"complete"desiccation"in"a"state"known"as"anhydrobiosis"(Ricci,"1998)."Moreover,"bdelloid"genomes"show"a"number"of"unusual"features"that"might"relate"to"their"longGterm"asexuality"and"ability"to"survive"desiccation"(Gladyshev"and"Arkhipova,"2010)."Understanding"these"features"can"shed"light"not"only"on"bdelloids’"unusual"lifestyle,"but"also"on"the"range"of"mechanisms"by"which"animal"genomes"can"evolve."In"efforts"to"understand"bdelloid"genome"organisation,"much"interest"has"focused"on"gene"copy"numbers."The"first"work"on"bdelloid"genomes"found"that"bdelloids"possessed"divergent"copies"of"genes"present"as"a"single"diploid"locus"in"their"closest"sexual"relatives,"the"monogonont"rotifers"(Mark"Welch"and"Meselson,"2000)."It"was"hypothesized"that"these"were"former"alleles"that"had"diverged"following"the"loss"of"meiosis"and"recombination"(Butlin,"2002),"a"process"called"the"Meselson"Effect"(Judson"and"Normark,"1996)."Later"work"suggested"that"putative"former"alleles"of"LEA"(Late"Embryogenesis"Abundant)"protein"had"diverged"so"much"as"to"adopt"different"biochemical"roles"protecting"bdelloid"cells"from"desiccation"(PouchkinaGStantcheva"et"al.,"2007)."Although"functional"divergence"of"gene"copies"is"not"restricted"to"asexual"lineages,"it"was"
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argued"that"functional"divergence"of"former"alleles"might"have"contributed"towards"adaptation"to"desiccating"environments."Subsequent"work"has"shown"that"bdelloid"genome"complexity"cannot"be"explained"simply"through"divergence"of"former"diploid"alleles:"bdelloids"are"degenerate"tetraploids"(Hur"et"al.,"2009;"Mark"Welch"et"al.,"2008)."Sequencing"the"genomic"regions"surrounding"four"copies"of"hsp82"revealed"that"the"chromosomes"comprise"two"collinear"pairs."Between"pairs,"divergence"is"so"high"that"they"only"share"a"handful"of"genes,"whereas"within"collinear"pairs"divergence"is"much"lower"and"there"are"regions"of"complete"identity."The"same"pattern"was"found"in"other"genomic"regions"and"in"different"bdelloid"families"(Van"Doninck"et"al.,"2009)."It"was"proposed"that"bdelloids"use"pairs"of"homologous"chromosomes"as"templates"to"repair"DNA"breaks"caused"during"desiccation,"and"in"the"process"sequences"are"homogenised"at"broken"regions"by"gene"conversion"(Gladyshev"and"Arkhipova,"2010;"Hur"et"al.,"2009)."This"provides"an"explanation"for"the"patchy"nature"of"divergence"within"collinear"pairs"and"for"bdelloids’"uncommon"ability"to"repair"DNA"breaks"caused"by"desiccation"and"ionizing"radiation"(Gladyshev"and"Meselson,"2008)."The"original"cause"of"tetraploidy"is"unknown"but"could"have"involved"either"a"genomeGwide"duplication"event"or"hybridization"between"sexual"ancestors"–"the"latter"being"commonly"associated"with"asexuality"in"many"organisms"(GómezGZurita"et"al.,"2006)."Together,"these"findings"make"bdelloids"an"interesting"case"study"for"understanding"opposing"forces"on"gene"copy"evolution."Although"divergent"copies"of"bdelloid"genes"can"no"longer"be"interpreted"simply"as"former"alleles,"it"remains"of"interest"to"know"how"often"divergent"copies"of"genes"have"been"maintained"and"diverged"in"function."In"principle,"the"maintenance"of"functionally"divergent"copies"of"genes"could"provide"bdelloids"with"an"enhanced"genetic"repertoire"and,"perhaps,"increased"phenotypic"plasticity"(PouchkinaGStantcheva"et"al.,"2007)."Here,"I"explore"copy"evolution"in"alpha"tubulin"and"ask"whether"divergent"copies"have"been"maintained"in"bdelloid"genomes."Alpha"tubulin"forms"microtubules"
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with"beta"tubulin"and"provides"a"range"of"functions"in"cellular"movement"and"cell"division."Previous"studies"of"copy"variation"of"alpha"tubulin"in"other"organisms"revealed"contrasting"patterns"making"it"an"interesting"gene"to"study"in"bdelloids"(Nielsen"et"al.,"2010)."In"many"animals,"it"is"present"in"low"copy"number"and"highly"conserved,"which"has"led"to"its"use"as"a"marker"for"deep"phylogenetic"relationships"(Rokas"et"al.,"2005)."However,"the"different"roles"of"microtubules"have"led"to"functional"divergence"in"many"cases."Four"distinct"copies"are"present"in"Drosophila(melanogaster"and"expressed"in"different"tissues:"including"ovary"and"testisGspecific"forms"(Matthews"et"al.,"1989;"Natzle"and"McCarthy,"1984)."If"there"were maleGfunction"or"meiosis"specific"copies"in"sexual"rotifers"(Kirk"and"Morris,"1991;"Matthews"et"al.,"1993),"bdelloids"might"be"expected"to"have"lost"those"copies"or"for"them"to"have"evolved"new"functions."Duplication"and"diversification"of"tubulin"genes"has"also"been"implicated"in"adaptation"to"extreme"environments"in"the"Antarctic"fish"Notothenia(coriiceps"(Detrich"et"al.,"2000),"which"expresses"at"least"nine"different"alpha"tubulin"isotypes"that"vary"in"stability"and"polymerization"rates"at"extremes"of"temperature"(Detrich,"1997)."By"expressing"copies"stable"at"different"temperatures,"function"is"maintained"despite"variation"in"environmental"conditions."In"plant"seedlings"alpha"tubulin"is"upGregulated"during"both"dehydration"and"rehydration"(Chen"et"al.,"2008;"Oono"et"al.,"2003;"Seki"et"al.,"2002)."Therefore,"bdelloids"might"make"use"of"their"ancestral"tetraploid"state"and"maintain"alpha"tubulin"copies"to"perform"specialist"functions"during"cycles"of"desiccation"(PouchkinaGStantcheva"et"al.,"2007)."I"used"cloning"and"preliminary"whole"transcriptome"data"to"characterize"alpha"tubulin"copies"in"several"monogonont"and"bdelloid"rotifer"species."Monogononts"contained"either"one"or"two"copies"with"very"similar"amino"acid"sequence"(each"presumably"representing"a"single"diploid"locus)."Contrary"to"the"four"or"eight"copies"expected"if"bdelloids"retained"copies"from"their"tetraploid"ancestor,"I"found"between"11"and"13"copies"in"each"of"four"species"of"bdelloids."Phylogenetic"relationships"indicate"that"multiple"copies"were"inherited"from"the"common"ancestor"of"bdelloids"and"some"of"them"were"lost"or"homogenized"in"some"species."Approximately"half"of"the"copies"retained"amino"acid"sequences"similar"to"the"monogonont"copies,"whereas"the"rest"have"diverged"into"four"distinct"
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classes"that"differ"in"intron"structure"and"biochemical"properties"predicted"by"computational"analysis."Distinct"classes"have"diverged"significantly"in"amino"acid"sequence"relative"to"the"purifying"selection"observed"within"classes."The"findings"do"not"contradict"current"understanding"of"bdelloid"genome"organization,"but"show"how"further"duplication"events"in"the"ancestor"of"bdelloids"led"to"proliferation"in"both"conserved"and"functionally"divergent"copies"of"this"gene."The"possible"functional"significance"of"alpha"tubulin"diversity"is"discussed"in"relation"to"sequence"characteristics.""
Materials!and!Methods!
Study&species,&DNA&extraction,&cloning&and&sequencing&Four"species"of"bdelloid"rotifer"belonging"to"two"bdelloid"families"were"compared"to"four"species"of"monogonont"rotifers"also"from"two"families"(table"2.1)."Sequences"for"one"of"the"monogononts,"Brachionus(plicatilis,"were"taken"from"the"cDNA"library"of"Suga"et(al."(2007)."For"the"other"monogonont"species"DNA"was"extracted"from"wildGcaught"individuals"using"Chelex"InstaGene"Matrix"(BioGRad)"following"the"manufacturers’"instructions."Genomic"DNA"from"bdelloid"species"was"extracted using"the"DNeasy"blood"and"tissue"kit"(Qiagen)."For"each"bdelloid"species"DNA"was"extracted"from"~50"individuals"from"populations"grown"from"a"single"female."Extractions"were"performed"according"to"manufacturers’"instructions,"and"samples"were"heated"at"56°C"for"1"h"for"protein"digestion."DNA"quality"was"checked"on"a"1%"agarose"gel."PCR"amplification"was"performed"using"2"μl"template"DNA"and"Illustra"PuReGTaq"ReadyGToGGo"PCR"beads."Alpha"tubulin"was"amplified"using"the"primers"TOA1F"50GRGTNGGNAAYGCNTGYTGGGAG30"and"TOA1R"50GCCATNCCYTCNCCNACRTACCAG30"(Rokas"et"al.,"2005),"which"amplify">90%"of"the"coding"region"of"each"gene"(Edgcomb"et"al.,"2001)."The"amplification"profile"consisted"of"an"initial"denaturation"of"5"min"at"94°C,"followed"by"35"cycles"of"45"s"at"94°C,"60s"at"58°C"and"60s"at"72°C"and"a"final"extension"of"5"min"at"72°C."Products"of"expected"size"(~1500"bp"–"1800"bp)"were"cloned"using"the"TOPO"TA"cloning"kit"(Invitrogen)"and"alpha"tubulin"inserts"were"reGamplified"from"individual"clones."Amplicons"
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were"sequenced"in"both"directions"using"the"BigDye"Terminator"v3.1"Cycle"Sequencing"Kit"(Applied"Biosystems)"and"an"ABI"3130"Genetic"Analyzer"(Applied"Biosystems)."Sequence"data"are"available"in"GenBank"(accession"numbers:"JX193018"–"JX193069).&
!
Table!2.1.!Rotifer"samples"used"in"the"study."
Species! Taxonomy!
(Order/!
Family)!
Sample!
location!
Collector/!
Publication!
Date!collected/!
time!
propagated!!
Habitat!
Machrotrachela(
quadricornifera""Milne,"1886" Bdelloidea"Philodinidae" Fontaneto"d’Agogna,"Italy"45.6306,"8.4536"
Diego"Fontaneto" 05G03G2006"3"months,"to"a"population"of"~100"individuals"
Submerged"moss"in"a"stream,"running"water."
Philodina(
flaviceps"Bryce,"1906" Bdelloidea"Philodinidae( Fontaneto"d’Agogna,"Italy"45.6260,"8.4432"
Diego"Fontaneto" 01G05G2005"3"months,"to"a"population"of"~100"individuals"
Stream,"running"water."
Adineta(vaga""Davis,"1873" Bdelloidea"Adinetidae( Bergen,"Norway"60.3955,"5.3513"
Timothy"Barraclough" 06G2004"3"months,"to"a"population"of"~100"individuals"
Sphagnum"in"pond."
Adineta(ricciae""Segers"&"Shiel,"2005" Bdelloidea"Adinetidae( Ryan’s"billabong,"Australia"G36.1086,"146.9777"
Segers"and"Shiel"2005" 26G06G1998"clonal"population"propagated"for"years"
Dry"pond"(billabong)."
Brachionus(
plicatilis"""Muller,"1786" Monogononta"Brachionidae" Lab"strain"NH1L" Suga"et"al."2007" Hagiwara"et(al.(1993"in"Suga"et(al.(2007" Seawater"
Brachionus(
quadridentatus""Hermann,"1783" Monogononta"Brachionidae( Japanese""pond,"Silwood"Park,"UK"51.4074,"G0.6405"
Diego"Fontaneto" 30G05G2007"DNA"extracted"from"a"single"animal"
Plankton""
Brachionus(
urceolaris""Muller,"1773" Monogononta"Brachionidae( Japanese""pond,"Silwood"Park,"UK"51.4074,"G0.6405"
Diego"Fontaneto" 30G05G2007"DNA"extracted"from"a"single"animal"
Plankton"
Synchaeta(
pectinata""Ehrenberg,"1832" Monogononta"Synchaetidae( Japanese""pond,"Silwood"Park,"UK"51.4074,"G0.6405"
Diego"Fontaneto" 30G05G2007"DNA"extracted"from"a"single"animal"
Plankton"
"
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Sequence&alignment&Sequences"were"confirmed"to"be"alpha"tubulin"using"BLASTN,"and"aligned"in"Geneious"Pro"5.0.3"(Drummond"et"al.,"2010)"using"Muscle"(Edgar,"2004)"followed"by"manual"adjustments."Wise2"(Birney"et"al.,"2004)"was"used"to"define"introns,"which"were"manually"checked"by"comparison"to"alpha"tubulin"cDNA"from"the"monogonont"rotifer"Brachionus(plicatilis"(GenBank:"BJ999223.1)."Sequences"used"in"analyses"contain"no"premature"stop"codons."Taq"polymerase"has"a"baseline"error"rate"of"1"in"9000"base"pairs"(Tindall"and"Kunkel,"1988)."Normally,"when"sequencing"from"uncloned"PCR"products"this"error"rate"is"negligible,"as"errors"occur"at"random"sites"across"the"amplified"products"and"are"averaged"out"upon"sequencing."However,"cloning"to"separate"different"copies"of"alpha"tubulin"within"each"sample"introduces"greater"errors"into"the"sequencing"process"(Brown,"2010)."Based"on"the"estimated"error"rate"of"Taq"of"1"in"9000"and"the"35"cycles"in"the"PCR"reaction,"I"estimated"an"overall"error"rate"of"0.38%"per"sequence"(="35/9000),"which"I"rounded"to"0.5%"to"allow"for"any"additional"error"in"sequencing"these"long"products."Consequently,"sequences"obtained"from"cloning"were"considered"to"be"the"same"if"they"were"<"1%"different,"and"collapsed"to"a"single"majority"rule"consensus"sequence,"thus"providing"me"with"a conservative"estimate"of"copy"number."Plots"of"the"number"of"distinct"copies"against"the"number"of"clones"sequenced"were"used"to"assess"whether"most"copies"present"in"the"genome"had"been"discovered."The"Chao"estimator"was"calculated"to"estimate"the"potential"number"of"missing"copies"(Chao,"1984),"based"on"the"assumption"that"if"a"few"copies"have"been"sampled"only"once"or"twice,"then"it"is"likely"that"some"copies"remain"unsampled.""
Phylogenetic&analyses&Relationships"among"copies"were"inferred"from"exon"sequences"using"Bayesian"Markov"Chain"Monte"Carlo"(MCMC)"analyses"implemented"in"p4"(v0.88.r221;"(Foster,"2004))."I"used"p4"because"preliminary"investigations"revealed"compositional"heterogeneity"in"the"sequences"(supplementary"file"S1,"appendix"I)."Introns"were"excluded"from"phylogenetic"analysis"because"their"extreme"variability"in"sequence"and"insertion"site"confounded"the"evolutionary"signal."
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JmodelTest"(Posada"and"Crandall,"1998)"selected"the"GTR"(general"timeGreversible)"model"(Tavaré,"1986)"with"gammaGdistributed"rate"variation"and"a"proportion"of"invariable"sites"(GTR"+"I"+"G)"as"the"most"likely"substitution"model"using"the"Akaike"Information"Criterion."A"chiGsquared"test"revealed"significant"compositional"homogeneity"over"the"tree"(chiGsq"="1053.36,"p"<"0.0005),"and"comparison"of"the"observed"compositional"heterogeneity"among"sequences"to"a"null"distribution"simulated"using"the"fitted"GTR"+"I"+"G"model,"confirmed"that"composition"of"the"observed"sequences"was"significantly"heterogeneous"(10000"simulations,"p"<"0.00005)."The"GTR"+"I"+"G"model"was"therefore"compared"to"nodeGdiscrete"composition"heterogeneity"models"NDCH(2)"and"NDCH(5)"(Foster"et"al.,"2009),"which"incorporate"two"and"five"treeGheterogeneous"baseGcomposition"vectors"respectively!(supplementary"file"S2,"appendix"I)."The"preferred"model"was"chosen"using"Bayes"Factors:"a"loge(Bayes"Factor)"of"5"or"more"was"considered"as"very"strong"support"for"improved"fit"of"a"more"complex"model"(Kass"and"Raftery,"1995)."Bayesian"MCMC"analysis"was"run"with"the"chosen"model"and"two"independent"runs"of"four"chains"each"for"4000000"generations,"convergence"was"assessed"by"inspection"of"the"trace"of"the"parameters"across"generations"using"Tracer"(Rambaut"and"Drummond,"2007)."Posterior"probabilities"were"calculated"for"support."A"second"tree"was"reconstructed,"using"maximum"likelihood"implemented"in"PHYML"2.4.5"(Guindon"et"al.,"2005),"from"the"translated"amino"acid"alignment."ProtTest"2.4"(Abascal"et"al.,"2005)"selected"the"JTT"model"of"amino"acid"substitution"(Jones"et"al.,"1992;"Le"and"Gascuel,"2008)"with"gammaGdistributed"rate"variation."Statistical"support"was"assessed"using"aLRT"nonGparametric"branch"support"(Hordijk"and"Gascuel,"2005)."Trees"were"rooted"on"the"branch"connecting"bdelloid"and"monogonont"sequences.""
Tests&for&selection&I"estimated"the"ratio"of"the"rates"of"nonGsynonymous"and"synonymous"substitutions"(dN/dS"ratio)"using"likelihood"methods"implemented"in"PAML"version"4"(Yang,"2007)."
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First,"I"fitted"a"model"with"a"single"dN/dS"ratio"across"all"bdelloid"copies"of"alpha"tubulin."Second,"to"test"for"divergent"selection"acting"on"different"classes"of"alpha"tubulin,"I"fitted"a"model"with"a"different"dN/dS"ratio"on"branches"connecting"different"classes"(defined"based"on"intron"structure"and"described"in"the"Results)"versus"on"branches"connecting"sequences"of"the"same"class"(Yang,"1998)."Third,"I"fitted"a"branchGsite"model"to"test"for"the"presence"of"codons"showing"purifying"selection"on"withinGclass"branches"(dN/dS"ratio"<"1)"but"evolving"either"neutrally"or"by"positive"selection"on"betweenGclass"branches"(dN/dS"ratio"≥"1)"(Yang"et"al.,"2005)."Bayes"empirical"Bayes"(BEB)"inference, assigning"priors"for"the"maximum"likelihood"estimators"of"parameters"of"the"ω"distribution"and"averaging"over"these"priors"to"accommodate"uncertainties"in"the"estimators,"was"used"to"identify"codons"belonging"to"this"set."The"branchGsite"model"should"be"preferred"if"amino"acid"divergence"between"the"different"classes"has"evolved"through"selection"for"functional"specialization"of"some"parts"but"not"all"of"the"protein."The"best"model"was"selected"using"the"Akaike"Information"Criterion."Models"were"run"using"the"average"nucleotide"frequencies"at"each"codon"position"to"specify"equilibrium"codon"frequencies"(option"CodonFreq"="2"in"PAML)."To"check"for"sensitivity"to"the"observed"compositional"heterogeneity,"I"repeated"the"analyses"using"free"parameters"for"each"codon"frequency"(CodonFreq"="3)."All"inferences"from"model"results"were"qualitatively"unchanged"over"the"simpler"versions."
&
Adineta&ricciae&transcriptome&searches&&To"further"assess"the"completeness"of"sampling"of"copies"by"cloning"and"sequencing,"and"to"establish"if"multiple"copies"were"expressed"under"experimental"conditions,"I"searched"an"expressed"sequence"tag"(EST)"library"(Boschetti"et"al.,"2011)"and"draft"transcriptome"(Boschetti"et"al.,"2012)"sequences"of"A.(ricciae"for"alpha"tubulin"copies."The"transcriptome"was"generated"by"pairedGend"sequencing"of"~200bp"cDNA"fragments"using"Illumina"parallel"sequencing."The"resulting"19.5"million"76"bp"reads"were"assembled"with"the"CLCG"bio"(www.clcbio.com)"assembler"to"give"a"library"of"61,219"transcripts"of"size"range"118G3674"bp."More"details"are"provided"in"(Boschetti"et"al.,"2012,"
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appendix"II)."The"databases"were"searched"by"BLASTN"(Zhang"et"al.,"2000)"for"matches"to"the"sequences"obtained"by"cloning"(with"introns"removed)."
&
&
Protein&chemical&analyses&Three"parameters"indicative"of"predicted"protein"chemistry,"and"hence"potentially"of"changes"in"protein"function,"were"calculated"for"each"alpha"tubulin"amino"acid"sequence"using"ProtParam"(Chellapandi"et"al.,"2009;"Gasteiger"et"al.,"2003)."i)"The"grand"average"of"hydropathy"(GRAVY)"index"indicates"the"hydropathy"of"proteins:"a"positive"GRAVY"score"means"the"protein"is"hydrophobic"and"a"negative"score"hydrophilic"(Kyte"and"Doolittle,"1982)."Detrich"(1997)"hypothesized"that"increasing"contact"surface hydrophobicity"might"enhance"polymer"stabilizing"interactions"in"microtubules,"so"a"more"hydrophobic"(positive)"GRAVY"score"could"indicate"a"more"stable"microtubule."ii)"Isoelectric"point"(pI)"is"the"pH"at"which"a"protein"carries"no"net"electrical"charge,"which"can"affect"its"solubility"at"a"given"pH."Zambito"et(al."(2002)"found"a"wide"variation"in"the"pI"of"rat"brain"tubulin"isotypes,"and"showed"that"some"variants"are"associated"with"particular"cellular"compartments."Variation"in"pI"of"alpha"tubulin"copies"may"therefore"imply"variation"in"cellular"function.""iii)"The"instability"index"provides"an"estimate"of"a"protein’s"folding"stability"in"vitro,"based"on"estimated"instabilities"of"the"protein’s"dipeptides."A"protein"with"an"instability"index"of"less"than"40"is"predicted"as"stable,"a"value"above"40"predicts"that"the"protein"may"be"unstable,"and"therefore"less"viable"as"a"functional"protein.""Predictive"discriminant"analysis"was"performed"using"the"predict.lda"function"of"the"MASS"library"version"7.2G"48"(Venables"et"al.,"1994)"in"the"R"Statistical"Programming"Language"R"2.9.2"(R."Developement"Core"Team,"2005)"to"see"if"classes"of"copies"based"on"intron"structure"are"predicted"by"these"three"protein"chemical"properties,"i.e."whether"copies"with"different"intron"structure"have"
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divergent"chemical"properties."Multivariate"analysis"of"protein"polymorphism"(MAPP)"scores"of"physiochemical"impact"were"estimated"for"all"codons"(Stone"and"Sidow,"2005),"providing"a"measure"of"constraint"at"each"site"(a"high"mean"MAPP"score"indicating"that"amino"acid"substitution"would"have"large"impact"on"function)."To"determine"if"sites"that"diverged"significantly"between"classes"had"significantly"different"MAPP"scores"to"the"rest"of"the"protein,"the"mean"MAPP"score"at"codons"identified"by"the"BEB"analysis"(posterior"probability">"0.95)"to"be"significantly"divergent"between"classes"(described"in"the"Tests"for"Selection"section"above)"was"compared"to"10000"replicates"of"the"mean"MAPP"score"at"the"same"number"of"random"sites"drawn"from"a"set"of"all"sites"in"the"protein."To"determine"if"sites"identified"by"the"BEB"analysis"had"significantly"different"MAPP"scores"to"polymorphic"sites"not"evolving"faster"between"classes"than"within"them,"the"mean"MAPP"score"at"the"codons"identified"by"the"BEB"analysis"(posterior"probability">"0.95)"was"compared"to"10000"replicates"of"the"mean"MAPP"score"at"the"same"number"of"random"sites"drawn"from"a"set"of"all"polymorphic"sites.""
Protein&structural&analyses&Translated"protein"sequences"were"mapped"to"the"structural"and"functional"regions"of"alpha"tubulin"identified"by"Nogales"et(al.((1998)."Regions"of"alpha"helices"and"beta"sheets"were"classified"as"structural."Regions"falling"into"the"following"four"types"were"classified"as"functional:"the"interface"with"beta"tubulin;"the"regions"interacting"with"GTP"(a"single"domain"interacting"with"ribose,"the"three"amino"acids"that"interact"with"the"nucleotide,"and"the"phosphate"interacting"domains);"the"tubulin"nonexchangeable"site"(GTP"binding);"and"the"CGterminal"helices"(H11"and"H12)"where"MAPs"(microtubule"associated"proteins)"and"motor"proteins"usually"bind."To"determine"whether"amino"acid"divergence"was"concentrated"in"particular"structural"regions,"amino"acid"positions"identified"by"the"BEB"analysis"to"be"significantly"divergent"between"classes"were"mapped"onto"the"identified"functional"and"structural"regions."Monte"Carlo"tests"were"used"to"test"for"significant"concentration"of"divergent"amino"acids"either"in"
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structural"or"in"functional"regions"of"the"genome."
!
Results!
Number&of&copies&of&alpha&tubulin&genes&from&cloning&and&sequencing&&The"B.(plicatilis"EST"database"of"Suga"et(al."(2007)"contained"two"alpha"tubulin"copies"(BJ999249"and"BJ999223)"that"were"13%"divergent"at"the"nucleotide"level"but"only"differed"in"three"amino"acids."Amplifying"and"sequencing"alpha"tubulin"in"the"three"selected"monogonont"species"(B.(urceolaris,"B.(
quadridentatus"and"S.(pectinata)"revealed"just"one"copy"of"alpha"tubulin"in"each"species."Pairwise"amino"acid"divergence"between"all"monogonont"alpha"tubulin"sequences"was"only"0.7%."Both"B.(plicatilis"copies"contained"primer"binding"sites"and"should"therefore"have"been"amplified"using"the"primers"used"in"this"study,"if"they"had"been"present"in"the"other"monogonont"species."Cloning"and"sequencing"of"bdelloid"alpha"tubulin"yielded"between"11"and"13"different"copies"in"each"species"(table"2.2)."This"is"a"conservative"estimate"because"sequences"were"only"considered"unique"when"they"varied"by">1%"to"account"for"99.5%"PCR"fidelity"of"the"cloned"copies."Including"all"sequences"obtained"by"cloning"would"increase"the"number"of"copies"per"species to"almost"as"many"as"the"number"sequenced,"but"would"not"alter"my"broad"findings"beyond"increasing"the"number"of"very"similar"copies"within"species"(supplementary"file"S3,"appendix"I)."Saturation"curves"showed"that"the"number"of"copies"reached"a"plateau"against"the"number"of"clones"sequenced"in"each"species"(fig."2.1)."The"Chao1"estimator"indicated"that"all"copies"were"likely"to"have"been"sampled"in"all"species."
Table!2.2.!Number"of"clones"and"unique"sequences"in"bdelloid"species!
 Species Total 
copies 
cloned 
Unique 
sequences 
observed 
Chao1 estimate of number of 
unique sequences (± standard 
error) 
A. ricciae 38 12 12.1 ±0.3 
A. vaga 29 11 11.1 ±0.3 
M. quadricornifera 60 11 11.0 ± 0.7 
P. flaviceps 55 13 13.3 ± 0.7 
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Figure!2.1.!Saturation"curves"comparing"sampling"effort"(number"of"clones"sequenced)"with"number"of"unique"sequences"identified.!
"
Intron&and&exon&structure&No"introns"were"present"in"the"monogonont"sequences."In"contrast,"each"bdelloid"alpha"tubulin"copy"contained"between"6"and"8"introns"located"across"17"different"sites"(fig."2.2)."The"copies"fall"into"five"major"classes"based"on"differences"in"intron"content"and"location,"with"some"additional"losses"or"gains"of"single"introns"in"particular"species"leading"to"a"total"of"eight"different"intron"patterns"(fig."2.2)."Most"introns"were"between"42"and"70"nucleotides"in"length"(0"and"95"percentiles"of"intron"lengths"across"all"introns),"but"two"introns"were"consistently"longer"across"copies"and"species"(intron"2:"107G"131"bp,"intron"12:"166G295"bp)."All"introns"present"in"two"or"more"classes"were"always"found"in"class"1"and"there"were"no"unique"introns"in"class"1."Class"3"only"differed"from"class"1"by"the"loss"of"one"intron"(and"a"second"intron"in"the"A.(ricciae"sequences)"whereas"classes"2,"4"and"5"each"contained"one"or"more"unique"introns."All"seven"introns"present"in"the"class"1"copies"shared"a"GGT"motif"at"the"5’"splice"site"across"all"the"classes."One"intron"unique"to"class"4"had"the"same"5’"splice"site"as the"introns"in"class"1"copies"and"represents"a"putative"translocation"of"an"adjacent"intron"that"is"present"in"all"the"other"classes"but"lacking"in"class"4."All"other"introns"had"different"50"splice"site"motifs."Only"minor"changes"in"length"of"coding"regions"were"observed"among"classes.""
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Figure!2.2.!Alignment"of"the"five"major"copy"types"of"alpha"tubulin"in"bdelloid"rotifers."Classes"based"on"intron"presence/absence."Black"block"="exon,"grey"block"="intron,"line"="gap."Copy"classes"4,"5"and"3"contained"variants"with"introns"indicated"by"a,"b"and"c"respectively"that"were"absent"in"copies"otherwise"sharing"the"same"intron"structure."Numbers"of"copies"in"each"species"are"shown:"A.(
ricciae"(Ar),"A.(vaga"(Av),"M.(quadricornifera"(Mq)"and"P.(flaviceps"(Pf)."!
!
"
Phylogenetic&relationships&among&classes&based&on&exon&nucleotide&
sequences&&Bdelloid"alpha"tubulin"copies"are"monophyletic"with"respect"to"monogonont"copies"(posterior"probability,"pp"=1.0,"fig."2.3)."The"five"classes"of"bdelloid"copy"types"based"on"intron"structure"also"form"groups"in"the"phylogenetic"analysis"of"exon"nucleotide"sequences."Four"classes"(2–5)"are"monophyletic"and"supported"by"posterior"probabilities"of"1.0."Classes"2"and"3"are"sister"clades"(pp"="0.98),"and"together"form"a"monophyletic"clade"sister"to"all"other"bdelloid"alpha"tubulin"sequences"(pp="1.0)."Classes"4"and"5"are"also"sister"clades"(pp"="1.0)."Their"position"relative"to"other"sequences"is"unstable"among"different"analyses:"in"the"p4"analysis"they"apparently"derive"from"within"the"paraphyletic"grade"of"class"1"copies"(pp"=0.52),"whereas"in"the"amino"acid"tree"they"are"sister"clade"to"the"class"2"and"3"clade"(aLRT"="0.8,"fig."2.4)."Class"1"copies"are"monophyletic"(aLRT"="1.0)"in"the"amino"acid"tree"but"paraphyletic"in"the"nucleotide"tree."All"four"species"have"class"1"and"class"5"copies,"whereas"A.(ricciae"lacks"class"2,"M.(
quadricornifera(lacks"class"3,"P.(flaviceps"lacks"class"4"copies"(fig."2.2).""
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Figure!2.3."Phylogenetic"relationships"among"alpha"tubulin"copies"based"on"bayesian"analysis"of"the"exon"nucleotide"alignment."Classes"defined"by"intron"structure"in"figure"2.2"are"indicated"by"labels"on"branches."Species"are"indicated"by"colours:"monogonont"outgroups"="grey;"A.(ricciae"="red;"A.(vaga"="green;"M.(
quadricornifera"="magenta;"P.(flaviceps"="blue."Putative"copies"homogenized"by"gene"conversion"are"indicated"by"curly"brackets.!
!
&
Sequence&divergence&among&copies&Across"all"classes,"there"were"fifteen"cases"of"pairs"of"very"similar"copies"(<"4.5%"nucleotide"sequence"divergence)"belonging"to"the"same"species"(fig."2.3)."This"is"consistent"with"there"being"pairs"of"alpha"tubulin"copies"homogenized"by"gene"conversion"as"found"for"other"bdelloid"genes."One"case"of"three"similar"sequences"
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in"A.(vaga"class"5"was"also"found"and"in"this"cluster,"one"copy"has"gained"an"intron"lacking"in"the"other"two."Class"4"lacked"any"clusters"of"very"similar"sequences."The"groups"of"similar"copies"within"species"were"always"separated"from"their"next"closest"sequence"by">"10%"pairwise"sequence"divergence."I"refer"to"copies"differing"by"more"than"10%"sequence"divergence"as"divergent"copy"types"(note"that"each"copy"type"sometimes"contains"two"or"three"similar"sequences"belonging"to"the"same"species"and"<"4.5%"divergent"as"described"in"the"preceding"paragraph)."Classes"2,"3"and"5"only"contained"one"copy"type"of"alpha"tubulin"per"species"(fig."2.3)."Class"1"copies"included"three"(A.(vaga)"or"four"(A.(
ricciae,"P.(flaviceps"and"M.(quadricornifera)"divergent"copy"types"in"each"species"and"class"4"contained"two"copy"types"per"species."The"nearest"divergent"copy"type"to"each"sequence"(or"cluster"of"similar"sequences)"was"always"from"a"different"species"except"for"two"pairs"of"divergent"P.(flaviceps"class"1"copies."In"all"cases"where"both"A.(vaga(and"A.(ricciae"are"present"in"a"miniGspecies"tree"of"copy"types,"contrary"to"classical"taxonomy,"A.(vaga"appears"more"closely"related"to"M.(
quadricornifera"than"to"A.(ricciae.""
Amino&acid&variation&and&tests&for&selection&Comparison"of"the"nucleotide"and"amino"acid"trees"revealed"high"amino"acid"divergence"between"classes"compared"to"nucleotide"divergence"between"them"(fig."2.4):"classes"are"separated"by"long"amino"acid"branches"relative"to"branch"lengths"within"classes."This"pattern"is"particularly"striking"in"class"1,"in"which"amino"acid"sequences"differ"by"less"than"1.1%"whereas"the"nucleotide"sequences"have"diverged"to"yield"highly"supported"clades."Class"1"copies"are"similar"to"monogonont"alpha"tubulin"copies"(mean"pairwise"amino"acid"divergence"between"bdelloid"and"monogonont"copies"="1.1%)."
!""
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Figure!2.4."Phylogenetic"relationships"among"alpha"tubulin"copies"based"on"maximum"likelihood"analysis"of"amino"acid"sequences."Classes"defined"by"intron"structure"in"figure"2.2"are"indicated"by"labels"on"branches."Species"are"indicated"by"colours:"monogonont"outgroups"="grey;"A.(ricciae"="red;"A.(vaga"="green;"M.(
quadricornifera"="magenta;"P.(flaviceps"="blue.!
""""
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The"branchGclass"model"in"PAML"optimized"a"higher"average"dN/dS"ratio"between"the"five"classes"of"alpha"tubulin"copies"than"within"them,"and"a"significantly"higher"dN/dS"ratio"within"classes"2,"3,"4"and"5"than"within"class"1"(model"3"in"table"2.3,"AIC"="29984"compared"with"30004"for"the"next"preferred"branchGclass"model)."This"rejects"the"null"model"that"all"copies"are"under"the"same"functional"constraints,"i.e."targeted"by"purifying"selection"towards"the"same"amino"acid"sequence."Instead,"it"is"consistent"with"each"class"being"subjected"to"purifying"selection,"but"that"different"classes"have"diverged"in"amino"acid"sequence"more"than"expected"based"on"the"strength"of"purifying"selection"within"each"class."Within"classes"2,"3"and"5,"amino"acid"divergence"occurs"primarily"between"species,"whereas"in"class"4"there"are"multiple"copies"within"species"that"differ"by"5.6"to"7%"in"amino"acid"sequence."The"branchGsite"model"confirmed"these"findings."An"estimated"26%"of"codons"belonged"to"a"set"having"average"dN/dS"ratios"of"0.013±0.001"on"within"class"branches"but"of"1.0±0.01"on"between"class"branches."The"improved"AIC"of"29897"compared"to"the"best"branchGclass"model"(AIC"="29984)"indicates"significant"heterogeneity"among"codons"in"how"they"differ"between"branch"classes."There"is"no"evidence"for"positive"selection"at"these"sites"according"to"the"standard"interpretation"(Yang"et"al.,"2005),"because"their"average"dN/dS"ratio"is"optimized"as"1.0,"which"equates"to"neutral"evolution."There"is"evidence,"however,"that"a"quarter"of"codons"that"are"under"strong"purifying"selection"within"classes"have"diverged"in"amino"acid"sequence"between"classes"at"an"average"rate"equivalent"to"synonymous"sites."TwentyG"two"codons"were"shown"by"Bayes"empirical"Bayes"analysis"to"have">0.95"posterior"probability"of"belonging"to"this"class"(described"further"below"in"relation"to"protein"structure"and"function)."""""
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Table!2.3.!Comparison"of"alternative"branchGclass"models"(1,"2"and"3,"Yang"1998)"and"the"branchGsite"model"(4,"Yang"et"al."2005)!
Model LnL Akaike 
Information 
Criterion 
dN/dS ratios 
(±  standard 
errors) 
1) ω1 = average dN/dS ratio across tree -15025 30052 0.015±0.001 
2) ω1 = dN/dS ratio within classes 
     ω2 = dN/dS ratio between classes 
-15000 30004 0.013 ±0.001 
0.078±0.011 
3) ω1 = dN/dS ratio within class 1 
    ω2 = dN/dS ratio within classes 2,3,4,5 
    ω3 = dN/dS ratio between classes 
-14989  29984 0.008±0.001  
0.016±0.001 
0.074±0.010 
4) site class 0, ω1 = dN/dS of codons 
under equivalent purifying selection on 
both between class and within class 
branches. p1 = proportion of codons 
site class 2a, ω2 = dN/dS of codons with 
higher dN/dS ratios on between class 
branches than on within class branches 
(with dN/dS ratio = ω1). p2 = proportion 
of codons  
(No codons were reconstructed to 
occupy site class 1 and 2b of model) 
-14945  29897 ω1 = 
0.013±0.001  
p1 = 
0.76±0.053 
 
ω2 = 
1.00±0.011 
p2 = 
0.24±0.053 
"
Adineta&ricciae&transcriptome&search&Searching"the"A.(ricciae(transcriptome"using"BLAST"yielded"11"hits"for"alpha"tubulin"that"varied"in"length"from"78"to"792"bases"(median"length"="354)."Transcriptome"sequences"were"all"less"than"3%"divergent"in"nucleotide"sequence"from"their"nearest"cloned"and"sequenced"copy"(supplementary"file"S4,"appendix"I)."A"distinct"clade"of"four"copies"of"class"1"alpha"tubulin"retrieved"by"cloning"and"sequencing"was"not"represented"by"similar"transcriptome"sequence,"possibly"because"those"copies"were"not"expressed"in"the"experimental"conditions"used"for"isolating"RNA"for"the"transcriptome"sequencing."One"other"copy,"from"class"5,"also"lacked"a"transcriptome"match,"but"this"copy"was"similar"in"sequence"to"other"copies"for"which"transcriptome"matches"were"obtained."Together,"I"conclude"that"5"out"of"6"divergent"copy"types"of"A.(ricciae"alpha"tubulin"were"expressed"in"laboratory"conditions"and"7"out"of"all"12"copies"(including"both"divergent"copy"types"and"similar"copies"putatively"maintained"as"templates"for"DNA"repair)"were"found."
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Predicted&protein&chemistry&of&alpha&tubulin&classes&Classes"based"on"intron"structure"differed"significantly"in"predicted"chemistry."The"predictive"discriminant"analysis"correctly"identified"copies"of"classes"3,"4"and"5"of"alpha"tubulin"based"on"the"three"indices"of"protein"chemistry"(successfully"identifying"100%"of"each"class)."Class"1"and"2"could"be"distinguished"from"the"other"classes"but"not"from"each"other"using"the"three"indices"of"protein"chemistry"considered"(fig."2.5)."Class"1"and"2"copies"are"most"stable"and"have"the"lowest"isoelectric"point;"class"3"copies"are"significantly"more"hydrophobic"(more"positive"GRAVY"index)"than"copies"of"any"other"class"(p"<"0.0005"in"comparison"with"all"other"classes,"Tukey’s"HSD);"class"4"copies"have"the"highest"instability"index"(p"<"0.0005"in"comparison"with"classes"1–3,"Tukey’s"HSD);"and"class"5"copies"are"most"hydrophilic"(p"<"0.005,"Tukey’s"HSD),"have"the"highest"isoelectric"point"(p<"0.05,"Tukey’s"HSD)"and"high"instability"(p"<"0.0005"in"comparison"with"classes"1–3,"Tukey’s"HSD)."The"same"qualitative"differences"are"found"for"the"region"of"protein"at"the"beta"tubulin"interface."
Figure!2.5.!Variation"in"indices"of"predicted"protein"biochemistry"among"all"alpha"tubulin"copies,"arranged"by"class."Top"="grand"average"of"hydropathy"(GRAVY),"middle"="Instability"Index,"bottom"="isoelectric"point"(pI)."
"Mean"MAPP"scores"of"the"22"amino"acid"positions"identified"as"significantly"more"divergent"between"classes"than"within"them"(BEB"posterior"probability">"0.95)"were"significantly"higher"than"mean"MAPP"scores"of"a"random"selection"of"22"
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codons"across"the"alignment"(10000"random"samples,"twoGtailed"p"="0.022),"and"also"significantly"higher"than"mean"MAPP"scores"of"other"polymorphic"sites"(10000"random"samples,"twoGtailed"p"="0.0016).""
Amino&acid&divergence&in&relation&to&protein&structure&Of"the"22"amino"acid"positions"evolving"faster"between"classes"than"within"them"identified"by"the"BEB"analysis,"none"were"in"regions"identified"as"functional"(supplementary"file"S5,"appendix"I);"there"were"significantly"fewer"of"these"codons"in"functional"regions"than"would"be"expected"by"chance"(10000"replicates,"twoGtailed"p"="0.000)."The"GTP"binding"nonexchangeable"site"(codons"142"to"148),"notably,"was"completely"conserved"across"all"copies"in"all"species,"and"the"conservation"of"the"amino"acids"that"interact"with"the"nucleotides"in"GTP"was"96%,"100%"and"100%"respectively."By"contrast,"the"number"of"amino"acid"positions"identified"by"the"BEB"analysis"that"fell"within"structural"regions"of"the"protein"was"not"significantly"different"from"random"expectation"(7"of"these"22"codons,"10000"replicates,"twoGtailed"p"="0.12).""
Discussion!Assuming"that"bdelloid"rotifers"are"tetraploid"and"inherited"alpha"tubulin"copies"from"a"diploid"common"ancestor"with"monogononts,"I"expected"bdelloids"to"have"twice"as"many"copies"of"alpha"tubulin"as"diploid"monogononts,"or"fewer"than"this"if"monogononts"have"copies"with"sexGspecific"functions"that"were"lost"in"bdelloids."Instead,"I"found"that"alpha"tubulin"has"undergone"proliferation"in"bdelloid"rotifers"relative"to"the"one"or"two"copies"found"in"monogonont"rotifers,"and"beyond"numbers"expected"solely"based"on"degenerate"tetraploidy."Each"species"contains"between"11"and"13"copies"that"can"be"divided"into"five"main"classes"supported"both"by"exon"phylogeny"and"intron"structure."Roughly"half"the"copies"belong"to"a"single"class"(class"1)"and"have"amino"acid"sequences"conserved"both"within"the"class"and"relative"to"copies"present"in"monogonont"rotifers."Within"class"1,"copies"fall"into"four"distinct"groups"(differing"by"more"
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than"10%"nucleotide"sequence"divergence,"which"I"call"copy"types)"in"all"four"species."The"remaining"alpha"tubulin"copies"belong"to"four"classes"that"have"diverged"significantly"in"intron"structure,"amino"acid"sequence"and,"in"the"case"of"classes"3"to"5,"in"predicted"biochemical"properties."The"four"copy"types"within"class"1"and"the"four"divergent"classes"2"to"5"together"make"eight"divergent"copy"types"per"species."Because"all"five"classes"(including"multiple"copy"types"in"class"1)"are"present"in"species"from"both"sampled"families"of"bdelloids,"I"propose"that"bdelloids"inherited"these"eight"divergent"copy"types"from"their"common"ancestor"followed"by"the"loss"of"some"copy"types"in"some"species."The"repeated"observation"of"pairs"of"similar"sequences"(<"1.5%"divergent)"of"a"given"copy"type"in"the"same"species"is"consistent"with"there"being"pairs"of"copies"maintained"as"templates"for"DNA"repair"through"gene conversion,"as"proposed"to"occur"between"collinear"pairs"in"other"bdelloid"genome"regions"(Van"Doninck"et"al.,"2009)."An"alternative"explanation"would"be"recent"duplication"of"copies"within"species,"but"this"would"be"unlikely"to"generate"a"widespread"pattern"of"recent"divergence"between"similar"copies"across"classes,"unless"a"similar"event"had"happened"independently"in"all"four"species."Cases"in"which"only"a"single"copy"of"a"divergent"copy"type"is"present"could"be"due"to"very"recent"conversion"generating"identical"copies,"or"to"the"loss"of"some"duplicate"copies."Only"in"one"case"were"more"than"two"similar"copies"present"within"the"same"species"(class"5"in"A.(vaga),"and"two"of"these"sequences"were"just"outside"the"error"threshold,"so"perhaps"reflect"sequencing"error."Given"the"presence"of"paired"copies"within"species’"copy"types,"I"therefore"propose"that"bdelloids"inherited"sixteen"copies"of"alpha"tubulin"from"their"common"ancestor:"eight"divergent"copy"types,"each"present"as"a"pair"of"similar"sequences."Some"copies"were"later"lost"or"homogenized"in"particular"lineages"leading"to"the"observed"numbers"of"copies"in"the"sampled"species."Alternative"scenarios"invoking"duplication"events"since"the"species"diverged"cannot"readily"explain"why"all"four"species"share"these"patterns,"unless"copies"originating"independently"in"separate"species"were"either"transferred"horizontally"to"other"species"G"which"seem"extremely"unlikely,"even"with"bdelloids’"known"ability"to"take"up"foreign"DNA"G"or"had"converged"in"both"amino"acid"sequence"and"intron"
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structure,"again"unlikely."My"results"provide"robust"evidence"for"numbers"of"copies"and"likely"inheritance"from"their"common"ancestor,"yet"reconstructing"the"ancestry"of"alpha"tubulin"copies"using"phylogenetics"proved"challenging"for"two"reasons."First,"I"detected"major"differences"in"base"composition"among"sequences."GC"content"at"the"third"codon"position"differed"widely"between"species"(supplementary"file"S1,"appendix"I),"but"removing"third"positions"from"the"analysis"did"not"sufficiently"improve"phylogenetic"reconstruction,"so"I"attempted"to"deal"with"the"extreme"heterogeneity"of"GC"content"across"the"tree"using"models"of"composition"heterogeneity"in"p4."Second,"functional"divergence"between"different"classes"has"led"to"extreme"rate"heterogeneity"and"departures"from"the"assumptions"of"neutral"models"of"sequence"evolution."For"example,"the"relationships"of"class"1"copies"relative"to"classes"2"to"5"were"weakly"supported"and"unstable"among"alternative"reconstructions."The"preferred"tree"using"five"base"composition"vectors"had"classes"4"and"5"as"sister"to"one"A.(vaga"class"1"copy"type,"which"cannot"reflect"the"true"ancestry"of"the"genes"for"reasons"argued"above"(namely"that"horizontal"transfer"from"one"species"followed"by"diversification"across"the"other"species"seems"highly"unlikely)."The"amino"acid"tree"does"have"class"1"copies"as"monophyletic"and"classes"2"to"5"copies"as"sister"clade"to"them,"which"is"consistent"with"inheritance"of"multiple"copies"from"a"common"ancestor."However,"the"amino"acid"tree"lacks"resolution"to"infer"ancestry"among"class"1"copies."Together,"these"problems"prevented"the"use"of"formal"genealogical"methods"for"reconstructing"patterns"of"gene"duplication"and"loss"(such"as"Notung"2.6"(Chen"et"al.,"2000))."Also,"the"homogenizing"effect"of"gene"conversion"is"not"taken"into"account"in"current"approaches,"and"therefore"the existence"of"recent"pairs"of"copies"within"species"would"have"been"inferred"as"multiple"duplications"occurring"in"each"species,"rather"than"ancestrally"inherited"copies"maintained"by"gene"conversion"(consistent"with"existing"knowledge"of"bdelloid"genomes)."This"dataset"presents"a"useful"test"case"for"developers"of"more"complex"models"of"sequence"evolution."Most"monogonont"species"had"one"copy"of"alpha"tubulin,"which"likely"reflects"a"pair"of"identical"alleles"in"these"sexually"reproducing"diploids."This"low"copy"
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number"eliminates"the"possibility"of"sexGspecific"roles"for"alpha"tubulin"in"most"monogononts"or"that"multiple"copies"in"bdelloids"arose"from"formerly"sexGspecific"copies"in"their"sexual"ancestor."Assuming"that"the"background"level"of"ploidy"in"bdelloids"conforms"to"the"tetraploidy"as"demonstrated"for"two"separate"genome"regions"and"in"both"bdelloid"families"studied"here"(Hur"et"al.,"2009),"then"if"the"ancestor"contained"four"copies"of"alpha tubulin"(one"pair"of"alleles"in"the"sexually"reproducing"ancestor"duplicated"–"by"either"genome"duplication"or"hybridization"G"on"the"origin"of"tetraploidy),"a"further"two"rounds"of"duplication"of"all"genes"are"required"to"explain"my"findings."One"possible"mechanism"would"be"tandem"duplication,"possibly"facilitated"by"DNA"breakage"and"repair"during"desiccation."Tandem"duplication"has"been"observed"for"alpha"tubulin"in"species"ranging"from"Trypanosoma(brucei"(Berriman"et"al.,"2005)"to"Zea(mays"(Montoliu"et"al.,"1990)."If"the"ancestral"sexual"progenitor"of"bdelloids"had"two"distinct"copies"of"alpha"tubulin,"as"found"in"the"B.(plicatilis"transcriptome,"then"only"one"round"of"additional"duplication"events"would"be"needed"to"explain"my"findings."Why"might"bdelloids"have"so"many"copies"of"alpha"tubulin?"First,"multiple"identical"copies"might"provide"redundancy"and"increase"the"rate"of"production"of"proteins."Gene"duplicates"have"been"shown"to"provide"robustness"against"null"mutations"in"Saccharomyces(cerevisiae"(Gu"et"al.,"2003)."Second,"different"copies"might"be"expressed"in"different"tissues"or"at"different"developmental"stages."For"example,"Bombyx(mori(and"Drosophila(melanogaster"alpha"tubulin"isotypes"fall"into"classes"that"are"ubiquitously"expressed"throughout"the"body"at"all"life"stages,"classes"that"are"expressed"only"at"certain"stages"of"the"lifeGcycle,"and"classes"expressed"only"in"certain"tissues,"such"as"the"testes"or"ovaries"(Kawasaki"et"al.,"2003)."Third,"different"copies"might"have"specialist"functions"in"different"cellular"processes"or"locations."Modifications"in"amino"acid"sequence"can"result"in"changes"in"the"stability"and"kinetics"of"microtubule"assemblies"and"in"the"binding"of"different"microtubule"associated"proteins"(Hammond"et"al.,"2008)."Fourth,"different"copies"might"provide"robustness"against"environmental"variation,"by"maintaining"microtubule"function"under"extreme"environmental"conditions."For"example"nine"copies"of"alpha"tubulin"expressed"in"brain"tissue"of"the"Antarctic"fish"Notothenia(coriiceps"vary"in"their"stability"and"polymerization"rates"at"
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extreme"temperatures"(Detrich"et"al.,"2000)."Which"of"these"mechanisms"might"explain"alpha"tubulin"proliferation"in"bdelloids?"Class"1"copies"have"conserved"protein"structure"and"predicted"biochemical"properties"shared"with"alpha"tubulin"copies"in"monogononts."Yet,"each"bdelloid"species"has"four"divergent"types"of"this"class"of"copies,"plus"additional"pairs"of"similar"copies."Interestingly,"only"two"of"the"six"class"1"copies"were"recovered"in"the"transcriptome"of"A.(ricciae"pooled"from"several"laboratory"cultures"both"in"hydrated"and"desiccated"conditions."The"missing"copies"might"be"expressed"in"small"amounts"or"only"in"lifeGstages"(e.g."eggs)"or"particular"environments"(e.g."rehydrating"adults)"that"were"not"sampled"in"the"experiments."Because"no"biochemical"differences"were"detected"among"class"1"copies,"these"copies"might"be"truly"functionally"redundant."Functional"redundancy"of"housekeeping"genes might"provide"extra"protection"in"the"face"of"DNA"breakage"by"increasing"the"probability"that"at"least"one"copy"still"functions"after"desiccation."Alternatively,"multiple"copies"might"provide"the"machinery"to"enhance"rapid"production"of"protein"during"rehydration."In"Arabidopsis(thaliana"alpha"tubulin"is"upGregulated"upon"rehydration"after"a"period"of"dehydration"(Oono"et"al.,"2003)."Tubulin"has"also"been"shown"to"form"aggregates"and"dense"networks"in"Brassica(napus"seedlings"during"dehydration"(BagniewskaGZadworna,"2008)."It"is"therefore"possible"that"having"multiple"functionally"redundant"tubulin"copies"might"enable"rapid"upGregulation"of"tubulin"expression"at"important"times."In"contrast,"the"remaining"classes"are"divergent"in"amino"acid"sequence,"and"those"present"in"A.(ricciae"were"all"recovered"in"the"transcriptome"and"hence"had"been"expressed"under"laboratory"conditions."There"was"significant"evidence"for"excess"amino"acid"divergence"between"classes"relative"to"the"strong"purifying"selection"within"them."This"is"consistent"with"a"standard"model"of"functional"specialization"after"gene"duplication"in"which"neoG"or"subG"functionalized"copies"evolve,"perhaps"following"a"period"of"relaxed"selection,"and"are"then"subject"to"purifying"selection."None"of"the"amino"acid"positions"identified"as"significantly"divergent"between"classes"are"within"regions"identified"a(priori"as"functionally"important"for"alpha"tubulin,"and"very"few"are"in"structural"regions,"indicating"
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that"selection"has"not"acted"to"alter"fundamentally"the"functioning"of"the"copies"as"microtubule"proteins."These"positions"did,"however,"have"significantly"higher"MAPP"scores"than"random"selections"of"other"polymorphic"codons,"which"indicates"that"they"are"predicted"to"have"larger"consequences"for"protein"function"than"randomly"selected"amino"acid"positions."This"finding"adds"further"evidence"that"divergence"at"these"sites"is"associated"with"functional"divergence"between"classes."Class"2"alpha"tubulin"copies"differed"in"amino"acid"sequence"but"have"the"same"predicted"chemistry"as"class"1"for"the"parameters"examined"here."However,"this"does"not"preclude"a"different"function,"as"small"amino"acid"changes"can"alter"the"function"of"tubulin"(Nielsen"et"al.,"2010)."Classes"3"to"5"have"diverged"significantly"both"in"amino"acid"sequence"and"in"predicted"protein"chemistry,"and"are"therefore"likely"to"play"different"roles."Increased"hydrophobicity"of"the"domain"that"interacts"with"beta"tubulin"is"predicted"to"increase"microtubule"stability"(Detrich,"1997)."Although"there"was"no"evidence"of"excess"amino"acid"divergence"in"this"region,"contact"surface"hydrophobicity"did"differ"significantly"between"classes"and"class"3"copies"are"predicted"to"form"the"most"stable"microtubule"arrays"and"class"5"the"least."Amino"acid"variation"can"also"be"involved"in"subGcellular"localization"and"cellular"function."Variation"in"isoelectric"point"has"been"noted"in"tubulin"copies"with"different"subGcellular"distributions"(Zambito"et"al.,"2002),"so"the"significantly"higher"isoelectric"point"in"class"5"relative"to"the"others"might"point"to"a"variation"in"subGcellular"localization"or"function"between"classes."Future"experiments"are"needed"to"test"these"alternative"hypotheses"for"the"function"of"divergent"copies."Another"striking"difference"between"classes"was"in"intron"structure."In"contrast"to"the"lack"of"introns"in"monogonont"alpha"tubulin,"many"introns"are"present"and"their"number"and"location"varies"markedly"between"classes."This"finding"matches"broader"evidence"that"intron"loss"and"gain"occurs"at"a"significantly"faster"rate"between"paralogs"than"between"orthologs"(CastilloGDavis"et"al.,"2004;"Xu"et"al.,"2012)."Genetic"manipulation"experiments"in"rice"and"yeast"have"shown"that"introns"influence"the"timing"and"cellular"location"of"expression"of"alpha"tubulin"(Burns"et"al.,"2002;"Fiume"et"al.,"2004)."Such"experiments"are"not"feasible"at"present"in"bdelloid"rotifers,"for"which"no"method"of"genetic"modification"is"
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currently"available."However,"the"significant"pattern"of"divergence"of"intron"structure"between"classes,"and"conservation"within"classes,"adds"further"evidence"for"functional"divergence"among"classes."Alpha"tubulin"has"expanded"into"multiple"copies"in"bdelloid"rotifers"compared"to"bdelloids’"nearest"relatives,"the"monogonont"rotifers."The"copies"differ"in"predicted"functions:"some"provide"redundancy"for"core"functions"similar"to"those"in"monogononts,"whereas"others"have"diverged"in"amino"acid"sequence"and"in"predicted"chemistry."Functional"specialization"of"multiple"copies"might"provide"phenotypic"flexibility"to"allow"bdelloids"to"thrive"in"a"range"of"different"environments,"which"has"been"argued"as"a"potential"mechanism"to"compensate"for"their"presumed"slow"rates"of"genetic"adaptation"(PouchkinaGStantcheva"et"al.,"2007;"Ricci,"1987)."However,"expansion"of"gene"families"potentially"reduces"the"potential"efficiency"of"selection"in"bdelloid"rotifers"even"further,"by"increasing"the"number"of"linked"genes"and"the"potential"for"interference"among"clones"harboring"alternative"beneficial"mutations"(Gerrish"and"Lenski,"1998)."Future"work"needs"to"link"characterization"of"gene"families"like"this"study"with"understanding"of"the"functional"consequences"of"genetic"variants"for"bdelloids"in"natural"environments."
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Chapter!3:!A!bioinformatics!pipeline!for!the!detection!of!
horizontally!acquired!genes!from!transcriptomic!data!
!Work"from"this"chapter"was"published"in"Boschetti"et(al.((2012)"Biochemical"Diversification"through"Foreign"Gene"Expression"in"Bdelloid"Rotifers."PLoS"Genetics,"8."(Appendix"II).!
!
!
Introduction!Horizontal"gene"transfer"(HGT),"also"know"as"lateral"gene"transfer"(LGT)"is"the"transfer"of"genetic"material"between"two"organisms"in"the"absence"of"sexual"reproduction."Although"superficially"comparable"with"sexual"reproduction"as"it"involves"genetic"exchange,"this"is"where"the"similarities"end."Whilst"sex"allows"the"bringing"together"and"pulling"apart"of"allele"combinations"from"closely"related"individuals"that"share"a"similar"evolutionary"history"and"genetic"background,"HGT"can"involve"the"acquisition"of"a"gene"or"set"of"genes"from"an"individual"with"a"very"different"evolutionary"history"(e.g."Acuña"et"al.,"(2012))."As"such,"the"introduction"of"a"novel"allele"to"a"population"by"immigration"is"likely"to"have"a"far"smaller"impact"on"fitness"than"the"introduction"of"a"gene"adapted"to"a"completely"different"genetic"and"ecological"background.""HGT"has"long"been"described"in"prokaryotes;"over"50"years"ago"it"was"recognised"as"enabling"the"rapid"transfer"of"drug"resistance"in"Shigella"(Akiba"et"al.,"1960),"and"the"current"consensus"is"that"HGT"is"relatively"common"between"prokaryotic"organisms!(Smillie"et"al.,"2011)."HGT"in"eukaryotes"can"be"divided"into"two"main"categories:"that"occurring"between"organelles"and"the"nucleus,"and"transfer"of"genes"between"distantly"related"species."Cases"of"HGT"between"organelles"and"the"nucleus"are"well"described"and"accepted"(Adams"et"al.,"2002;"Wang"et"al.,"2012),"but"the"level"of"reportage"of"HGT"between"unrelated"eukaryotic"species"is"far"lower"than"in"prokaryotes,"and"this"may"be"in"part"due"to"scepticism"resulting"from"some"high"profile"erroneous"claims"of"HGT"in"animals,"in"particular"in"the"
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human"genome"(Genereux"and"Logsdon,"2003;"Lander"et"al.,"2001)."However,"there"are"also"clear"biological"reasons"why"HGT"is"less"common"in"eukaryotic"organisms:"the"foreign"DNA"must"enter"the"host"nucleus"without"bacterial"mechanisms"of"genetic"exchange,"and"in"more"complex"animals"this"DNA"must"successfully"enter"the"sequestered"germGline.""The"impact"of"HGT"across"eukaryotic"species"has"been"uneven,"both"in"terms"of"lineage"and"type"of"gene."Most"described"HGT"events"in"eukaryotes"are"from"a"prokaryotic"donor,"and"this"is"likely"to"be"a"result"of"ecological"factors"(bacteria"are"abundant"and"commonly"live"alongside,"internally,"or"are"eaten"by"or"are"pathogens"of"eukaryotes)"and"sampling"bias"(there"is"good"phylogenetic"coverage"of"complete"bacterial"genomes,"and"bacterial"genes"are"often"easy"to"distinguish"from"eukaryotic"genes,"so"we"have"higher"confidence"in"labelling"genes"transferred"from"bacteria"as"“foreign”)."When"comparing"eukaryotic"lineages,"HGT"is"much"more"common"in"microbial"eukaryotes"(probably"in"part"because"they"lack"a"sequestered"germGline)"and"plant"mitochondria,"but"rare"in"animals."The"type"of"gene"being"transferred"shows"biases"towards"genes"involved"in"adaptation"to"a"distinct"environmental"niche,"such"as"those"conferring"novel"metabolic"functions,"and"genes"involved"in"virulence.""Among"metazoan"species"there"are"now"several"wellGdocumented"and"convincing"cases"of"the"horizontal"transfer"of"single"genes"or"small"sets"of"genes"from"nonGmetazoan"donors,"including"the"uptake"of"bacterial"genes"in"rootGknot"nematodes"(Haegeman"et"al.,"2011)"and"the"coffee"berry"borer"beetle"(Acuña"et"al.,"2012),"uptake"of"algal"genes"in"the"seaGslug"Elysia(chlorotica"(Pierce"et"al.,"2012;"Rumpho"et"al.,"2008),"and"integration"and"expression"of"fungal"carotenoid"genes"in"aphids"(Moran"and"Jarvik,"2010)"and"in"the"spider"mite"(Altincicek"et"al.,"2012)."Although"it"is"now"known"that"some"HGT"has"occurred"in"eukaryotic"species,"described"cases"are"still"rare,"and"HGT"on"a"comparable"scale"to"the"HGT"that"occurs"in"some"prokaryotes"has"certainly"not"been"described,"so"the"impact"of"HGT"on"the"eukaryotic"tree"of"life"is"considered"to"be"small,"and"the"significance"of"HGT"in"the"acquisition"of"novel"adaptations"is"not"often"considered"when"looking"at"evolution"of"eukaryotes."
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!For"a"successful"horizontal"transfer"event"foreign"DNA"must"enter"the"cell,"be"incorporated"into"the"host"nucleus"in"a"way"that"does"not"disrupt"the"functioning"of"the"rest"of"the"genome,"the"gene"must"be"expressed"and"a"functional"protein"must"be"produced,"and"the"gene"must"produce"a"phenotype"that"is"not"detrimental"in"the"population."Given"this,"and"the"fact"that"if"a"single"step"in"this"process"fails"then"the"whole"transfer"fails,"HGT"in"eukaryotes"is"a"very"difficult"process."As"HGT"from"the"organelles"to"the"nucleus"can"successfully"occur,"the"limiting"step"in"HGT"between"unrelated"species"must"be"the"uptake"of"DNA"into"the"cell,"or"compatibility"between"host"and"donor"genes."Phagocytic"eukaryotes"are"highly"represented"in"descriptions"of"HGT"events,"providing"support"for"the"“you"are"what"you"eat”"hypothesis"(Ford"Doolittle,"1998)."Symbioses"or"hostGparasite"relationships"are"another"way"that"eukaryotes"might"come"into"close"contact"with"donor"species."Alternatively"viruses"might"act"as"vectors"for"foreign"DNA.""In"organisms"with"sequestered"germGlines,"DNA"cannot"just"be"taken"up"into"any"somatic"cell"for"a"successful"HGT"event,"but"must"be"taken"up"into"a"germGline"cell"to"be"passed"on"to"the"next"generation."Furthermore,"in"eukaryotes"which"reproduce"sexually,"acquired"genes"must"not"disrupt"crossing"over"during"meiosis."These"two"factors"may"explain"why"HGT"into"wellGstudied"animal"genomes"is"extremely"rare."""Given"this"background,"the"discovery"of"multiple"horizontally"transferred"genes"in"subGtelomeric"regions"of"bdelloid"rotifers"(Gladyshev"et"al.,"2008)"was"initially"surprising."Candidates"for"horizontal"acquisition"were"found"in"subtelomeric"chromosomal"regions"of"two"bdelloid"species,"Adineta(vaga(and"Philodina(
roseola,"and"three"of"these"genes"were"shown"to"be"transcribed."Following"this"initial"discovery,"Boschetti"et(al."(2011)"identified"four"different"foreign"genes"being"expressed"in"a"closely"related"species,"A.(ricciae;"three"of"these"were"upGregulated"in"response"to"desiccation.""
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As"ancient"asexuals,"which"have"managed"to"both"persist"and"speciate"in"a"similar"manner"to"sexually"reproducing"species,"the"presence"of"horizontally"acquired"genes"in"bdelloid"genomes"could"provide"much"needed"genetic"novelty."However,"a"large"portion"of"most"genomes"is"“junk”"DNA,"and"presence"of"foreign"genes"in"bdelloid"rotifer"genomes"does"not"in"itself"demonstrate"that"these"genes"are"functional;"alternatively,"the"existence"of"foreign"genes"near"the"telomeres"may"simply"be"the"byGproduct"of"inefficient"purifying"selection"failing"to"remove"them"as"fast"as"they"are"acquired."Prior"to"this"study,"expression"had"only"been"demonstrated"in"seven"potentially"horizontally"acquired"genes."Furthermore,"only"a"subset"of"the"genome"(some"subGtelomeric"regions)"had"been"investigated,"so"the"true"extent"of"HGT"in"bdelloids"was"still"to"be"uncovered."As"a"potential"source"of"novel"genetic"variation"in"these"ancient"asexuals,"horizontally"acquired"genes"were"worthy"of"further"investigation.""
(In"Boschetti"et(al."(2012)"we"aimed"to"extend"our"understanding"of"the"involvement"of"horizontally"acquired"genes"in"bdelloid"rotifers"by"doing"the"first"transcriptomeGwide"scan"for"foreign"genes,"and"analysing"the"role"of"these"genes"in"enhancing"the"metabolic"repertoire"of"bdelloid"rotifers."Comparison"with"the"level"of"horizontal"gene"transfer"in"a"closely"related"outgroup"to"the"bdelloid"rotifers,"Brachionus(plicatilis((a"monogonont"rotifer),"allowed"us"to"ask"whether"an"inflated"level"of"HGT"is"unique"to"bdelloid"rotifers,"or"if"it"is"a"feature"of"the"rotifer"lineage"more"widely.!My"contribution"to"this"paper"was"to"develop"a"bioinformatics"pipeline"for"the"identification"of"horizontally"transferred"genes"in"the"A.(ricciae(transcriptome.!
!There"have"been"many"attempts"to"develop"proxies"for"HGT"detection,"the"most"basic"being"simply"examining"the"top"BLAST"hit"species"for"a"gene."This"is"often"an"unsuccessful"strategy,"undermined"by"the"incompleteness"of"sequences"currently"available"on"GenBank"and"by"the"presence"of"highly"conserved"genes."Another"broad"proxy"for"phylogenetic"signal"is"codon"bias;"genes"can"be"identified"as"“alien”"if"they"have"a"very"different"codon"bias"or"GC"content."There"are"a"number"of"problems"with"this"method:"genes"can"vary"in"base"composition"and"codon"bias"within"a"genome"as"these"factors"can"affect"things"like"
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transcription"level"that"can"vary"between"genes."Also,"the"method"only"detects"more"recent"events"before"codon"bias"starts"to"move"towards"that"of"the"host"genome."Most"problematically,"it"requires"an"excellent"knowledge"of"the"codon"bias"in"the"recipient"genome,"which"is"rarely"available.""These"above"methods"are"only"really"less"intensive"proxies"for"what"is"know"as"the"“gold"standard”"in"HGT"detection"(Keeling"and"Palmer,"2008),"phylogenetic"incongruence."This"method"is"very"powerful"at"identifying"clear"cases"of"transfer,"especially"from"more"distantly"related"taxa,"however,"it"does"have"some"drawbacks."Firstly"it"is"hard"to"distinguish"empirically"from"gene"duplication"and"subsequent"lineage"specific"gene"loss,"and"in"order"to"do"so"at"present"we"must"simply"judge"the"plausibility"of"these"events"against"each"other."Secondly,"if"the"phylogeny"is"wrong"then"predictions"about"HGT"will"also"be"wrong,"so"the"method"is"hard"to"use"where"there"are"unusual"or"hard"to"model"modes"of"evolution,"or"where"there"is"too"little"or"too"much"variation"in"the"gene"of"interest."Finally,"with"very"incomplete"taxonomic"sampling"of"most"genes,"many"genuine"HGT"events"may"be"missed"as"there"is"not"enough"information"to"draw"conclusions"about"the"gene’s"origins.""For"this"study,"I"aimed"to"identify"genes"acquired"from"distant"taxonomic"groups"(kingdoms),"as"this"greatly"reduces"the"likelihood"of"false"positives;"the"distinctness"of"kingdoms"is"understood"with"far"more"confidence"than"phylogenies"at"a"lower"taxonomic"scale,"so"phylogenetic"incongruence"is"less"likely"to"be"falsely"claimed"on"the"basis"of"an"incorrect"phylogeny."Employing"this"strategy"precludes"the"identification"of"genes"acquired"horizontally"from"any"metazoan"species,"and"therefore"makes"the"search"strategy"a"conservative"one."As"a"result"our"findings"will"likely"be"an"underestimate"of"the"total"amount"of"horizontal"gene"transfer"in"bdelloids.""Phylogenetic"incongruence"is"a"far"more"robust"technique,"but"the"computing"power"required"to"create"more"than"60,000"phylogenetic"trees"(one"for"each"gene"in"the"A.(ricciae(transcriptome)"makes"it"a"difficult"proposition."Instead"I"adapted"a"metric"(the"Alien"Index,"AI)"developed"by"Gladyshev"et(al."(2008),"
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which"compares"the"eGvalue"of"the"top"metazoan"BLAST"hit"to"that"of"the"top"nonGmetazoan"BLAST"hit."Once"this"step"revealed"a"subset"of"candidate"“alien”"genes,"I"could"then"progress"to"the"more"robust"approach"of"phylogenetic"reconstruction"on"this"smaller"set"of"candidate"genes."
!I"conducted"this"initial"scan"for"horizontally"acquired"genes"on"the"transcriptome"of"A.(ricciae,"as"in"comparison"to"the"genome,"there"are"far"fewer"genes"to"assess,"and"this"is"an"important"consideration"in"such"a"computationally"intensive"process."Furthermore,"in"the"transcriptome"there"is"a"higher"confidence"that"genes"are"coding"sequences,"and"this"removes"the"challenge"of"identifying"open"reading"frames"in"the"genome."There"can"also"be"more"confidence"that"genes"identified"are"not"pseudogenes,"and"therefore"the"search"is"only"identifying"HGT"events"that"have"been"“successful”."
!
!
!
Methods!
!
Adineta&ricciae&transcriptome&Rotifer"culture,"RNA"extraction,"sequencing"and"assembly"were"performed"by"C."Boschetti"and"A."Carr,"and"are"described"in"detail"in"Boschetti"et(al."(2012)."In"brief,"RNA"was"extracted"using"TRI"reagent"(Sigma)"from"four"populations"of"a"clonal"culture"of"A.(ricciae,(which"had"undergone"four"different"experimental"conditions:"hydrated,"dehydrated"for"24,"24"and"72"hours."RNA"integrity"and"concentration"was"assayed"using"a"NanaDrop"spectrophotometer."cDNA"was"amplified"using"Clontech/Takara"SMART"PCR"cDNA"Synthesis"Kit"and"an"Advantage"2"PCR"Enzyme"System"using"Invitrogen"SuperScript"III"Reverse"Transcriptase."Equal"amounts"of"cDNA"from"each"experimental"condition"was"pooled"and"the"half"of"the"mixed"cDNA"library"was"normalized"with"Evrogen"Trimmer"cDNA"normalization"kit."Normalized"and"nonGnormalised"cDNA"libraries"were"pooled"and"used"to"produce"a"pairedGend"sequencing"library"with"insert"size"200"bp.""Massively"parallel"Illumina"sequencing"produced"19.5"million"
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76Gbase"reads,"which"were"assembled"with"the"CLCGbio"(www.clcbio.com)"assembler."The"resulting"library"consisted"of"61,219"contigs"(118–3674"bp)"and"an"average"coverage"of"25.3"times."Transcript"contigs"are"published"on"GenBank"with"accession"numbers"HE687510"to"HE716431."
!
Brachionus&plicatilis&transcriptome&Expressed"sequence"tags"from"the"monogonont"rotifer"B.(plicatilis"(accession"numbers"FM897377–FM945301)"(Denekamp"et"al.,"2009)"were"examined"to"provide"understanding"of"the"background"level"of"HGT"in"the"phylum"rotifera."The"47925"ESTs"were"assembled"into"16024"contigs"using"with"CAP3"(Huang"and"Madan,"1999),"and"filtering"for"a"BLASTX"eGvalue"≤"1eG05""left"9685"contigs"(60.4%)"for"further"analysis."
!
HGT&detection&pipeline&All"analyses"were"conducted"in"R"(The"R"Project"for"Statistical"Computing,"http://www.rGproject."org/)."BLAST"searches"were"performed"using"NCBIGBlast"2.2.23+–2.2.25+"(Basic"Local"Alignment"Search"Tool)"(Altschul"et"al.,"1990),"ClustalW2"(EMBLGEBI)"(Larkin"et"al.,"2007)"was"used"for"sequence"alignment,"and"PhyML"3.0"(Guindon"and"Gascuel,"2003)"was"used"to"produce"phylogenetic"reconstructions."These"softwares"were"controlled"using"the"‘system’"function"in"R."
 
Pipeline&Overview&&Each"transcript"was"used"as"a"query"against"the"UniProtKB"database,"and"the"top"five"best"matches"to"each"transcript"were"returned"for"each"of"the"following"subsets"of"the"UniProtKB"database:"“Metazoa”,"“Plantae”,"“Fungi”,"“Eubacteria”,"“Archaea”"and"“Other"Eukaryotes”."The"best"metazoan"match"to"the"query"sequence"was"then"compared"to"the"best"nonGmetazoan"match"based"on"bitGscores,"and"this"provided"us"with"a"number"we"termed"the"HGT"index."Like"the"“Alien"Index”"used"by"(Gladyshev"et"al.,"2008)"and"(Chapman"et"al.,"2010),"the"HGT"index"is"based"on"the"idea"that"if"a"gene"has"a"significantly"better"match"to"a"gene"in"a"nonGmetazoan"species"than"to"a"gene"in"a"metazoan"species,"then"this"gene"is"likely"to"be"of"nonGmetazoan"origin,"and"therefore"is"likely"to"have"been"
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horizontally"acquired."A"threshold"HGT"index"value"was"selected,"above"which"the"gene"was"defined"as"of"putative"foreign"origin."Genes"identified"in"this"manner"as"being"candidates"for"horizontal"transfer"were"then"subject"to"further"scrutiny."Where"present,"the"five"best"BLASTX"hits"for"each"subset"of"the"UniProtKB"database"were"aligned"to"each"A.(ricciae"query"transcript"and"phylogenies"were"constructed."Each"tree"was"then"classified"according"to"how"the"A.(ricciae(sequence"grouped"in"comparison"to"metazoan"sequences."If"the"A.(
ricciae(transcript"was"monophyletic"with"a"nonGmetazoan"taxon,"this"was"confirmation"of"its"foreign"origin."If"the"A.(ricciae(sequence"was"monophyletic"with"metazoan"sequences,"a"foreign"origin"for"this"gene"could"be"excluded."""""""""""""""""""""""""
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Figure!3.1.!Bioinformatics"pipline"for"detecting"horizontally"acquired"genes"
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Detailed&methods&Numbered"points"correspond"to"the"pipeline"summary"diagram"(fig."3.1).""
1.!The"initial"search"for"similar"sequences"was"conducted"using"BLASTX,"which"searches"protein"databases"using"a"translated"nucleotide"query."The"choice"of"search"algorithm"and"database"had"implications"for"the"kind"of"genes"detected."How"long"ago"a"gene"was"horizontally"acquired"will"affect"how"similar"it"is"to"the"homologous"gene"in"the"donor"species."Change"will"have"occurred"both"in"the"donor"species’"and,"likely"to"a"greater"extent,"in"the"recipient"species’"copies."In"the"recipient"species"changes"will"occur"because"of"amelioration,"the"process"by"which"a"foreign"gene"gains"the"host"organism’s"base"composition"and"codon"bias,"and"through"selection"in"a"completely"new"genetic"background"or"by"relaxed"selection"pressure"after"initial"incorporation"into"the"host"genome."As"a"result,"only"recently"horizontally"acquired"genes"are"likely"to"bear"resemblance"at"the"nucleotide"level"to"homologous"genes"in"the"host"species"and"its"close"relatives.!For"example,"of"all"the"genes"identified"as"originating"by"horizontal"gene"transfer"in"A.(vaga"(Gladyshev"et"al.,"2008),"it"was"only"possible"to"align"one"of"these"to"nonGmetazoan"homologs"(a"bacterial"arabinosidase/xylosidase)"at"the"nucleotide"level."Another"reason"to"avoid"searching"a"nucleotide"database"using"a"nucleotide"query"is"that"it"would"be"easy"to"mistake"sample"contamination"for"recent"horizontal"gene"transfer."When"sequencing"a"transcriptome"it"is"common"to"find"the"occasional"bacterial"sequence"in"the"output"(e.g."Qi"et"al.,"(2009)),"and"because"of"this,"it"is"common"practice"to"exclude"transcripts"with"high"similarity"to"potential"contaminants"from"further"analysis"(Nagaraj"et"al.,"2007)."If"sequences"have"already"been"removed"from"the"transcriptome"on"the"basis"of"comparison"to"a"nucleotide"database,"then"it"makes"little"sense"to"search"the"trimmed"transcriptome"using"nuclotide"queries."Using"BLASTX"to"compare"translated"transcripts"to"a"protein"database!should"not"lead"to"false"identification"of"HGT"where"none"occurred,"as"truly"metazoan"genes"will"still"bear"more"resemblance"to"proteins"in"other"metazoans,"and!BLASTX"will"have"the"power"to"detect"sequences"similar"to"genes"that"have"diverged"quite"significantly"from"their"donor"ancestor,"without"excluding"the"detection"of"more"recently"acquired"genes."
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"Searches"were"implemented"using"the"UniProtKB"database.""UniProtKB"consists"of"two"sections:"the"manually"annotated"and"reviewed"UniProtKB/SwissGProt,"and"the"automatically"annotated"UniProtKB/TrEMBL."Here"I"used"the"complete"UniProtKB"database;"although"there"are"problems"associated"with"using"an"unGcurated"database,"the"advantage"to"this"was"that"the"database"is"large"enough"to"contain"proteins"similar"to"approximately"50%"of"bdelloid"transcripts.!From"the"UniProtKB"database"I"stipulated"that"I"only"required"matches"which"derived"from"complete"proteomes"(keyword:"KWG0181),"which"removed"biases"that"would"have"arisen"from"the"overabundance"of"particular"proteins"(markers"etc…)"that"have"been"sequenced"many"times"and"in"many"species,"and"had"the"additional"benefit"of"reducing"the"database"size"by"reducing"redundancy,"and"therefore"reducing"the"time"taken"per"search.""
2.!I"chose"to"look"for"genes"originating"by"horizontal"gene"transfer"from"other"kingdoms,"rather"than"from"within"metazoa."This"reduces"the"possibility"of"false"identification"of"HGT"as"a"consequence"of"poorly"resolved"phylogenies."Broader"coverage"of"species"makes"it"far"less"likely"that"genes"are"being"interpreted"as"foreign"when"really"the"signal"represents"lineage"specific"gene"loss."This"choice"is"further"justified"by"the"fact"that"the"majority"of"foreign"genes"identified"in"multicellular"eukaryotes"to"date"have"been"from"unicellular"organisms,"possibly"because"there"is"more"opportunity"for"HGT"between"multicellular"eukaryotes"and"their"pathogens,"symbionts"or"food,"and"possibly"because"it"is"physically"simpler"for"genes"to"be"transferred"from"unicellular"organisms.""Metazoa,"plants,"fungi,"eubacteria"and"archaea"are"biologically"distinct"and"well"supported"taxonomic"groups."“Other"Eukaryotes”"had"to"be"included"in"the"analysis"to"take"into"account"organisms"that"may"have"in"the"past"been"classified"as"“protists”."The"category"includes"singleGcelled"eukaryotes,"such"as"protozoa,"algae"and"unicellular"fungusGlike"oomycetes."It"was"important"to"include"this"category,"as"organisms"in"this"subset"would"not"be"included"in"any"of"the"five"more"traditional"and"truly"monophyletic"categories,"and"some"of"these"organisms"might"be"good"candidates"for"donating"genes"to"bdelloids."!
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"As"there"are"no"complete"proteomes"available"in"the"phylum"Rotifera,"it"was"not"necessary"to"exclude"any"sequences"from"the"UniProt"database"before"searching"using(A.(ricciae(transcripts."If"this"method"were"to"be"used"to"search"for"HGT"in"a"species"where"they"had"a"close"relative"with"a"complete"proteome"on"GenBank,"then"these"closely"related"sequences"would"have"to"be"removed."Failure"to"remove"these"sequences"would"mean"that"any"HGT"event"that"occurred"before"the"divergence"of"the"species"of"interest"and"its"close"relative"would"be"missed,"as"this"sequence"in"the"close"relative"would"appear"in"the"search"results"as"a"very"good"metazoan"hit."If"only"HGT"events"unique"to"a"single"species"are"of"interest,"then"removal"of"close"relatives"would"again"be"unnecessary.!
!
3.!For"each"bdelloid"transcript,"bitscores"and"eGvalues"were"retained"for"the"best"five"hits"in"each"taxonomic"subset."32,297"transcripts"that"had"no"matches"with"an"eGvalue"of"e"≤"1eG05"were"excluded"from"further"analysis;"an"eGvalue"of"1eG05"can"be"interpreted"as"meaning"that"1eG05"matches"would"be"expected"to"occur"by"chance,"and"transcripts"without"any"matches"eGvalue"≤"1eG05"were"considered"to"have"no"good"hits."To"calculate"the"HGT"index"and"Alien"Index"it"is"necessary"to"have"at"least"one"hit"in"the"protein"databases."!"The"Alien"Index"(as"used"in"Gladyshev"et"al.,"(2008))"and"the"HGT"index"(developed"here"as"an"alternative"to"the"Alien"Index)"were"both"calculated"for"all"of"the"remaining"sequences,"in"order"to"evaluate"the"new"method,"and"to"make"these"new"results"comparable"with"other"studies."The"Alien"Index"compares"the"lowest"eGvalue"from"the"metazoan"database"search"with"the"lowest"eGvalue"from"the"nonGmetazoan"database"searches."The"HGT"index"compares"the"highest"metazoan"and"the"highest"nonGmetazoan"bitscores,"by"subtracting"the"nonGmetazoan"score"from"the"metazoan"score."The"HGT"index"was"developed"as"an"alternative"to"the"Alien"Index"because"unlike"eGvalues,"bitscores"are"independent"of"database"size."As"the"size"of"UniProtKB"changes"as"more"sequences"are"added,"and"as"the"different"taxonomic"subsets"are"different"sizes,"this"modification"of"the"Alien"Index"allows"measures"of"“foreignGness”"to"be"consistent"despite"the"changing"sequences"in"UniProtKB,"and"also"ensures"that"scores"for"hits"in"
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different"taxonomic"subsets"are"directly"comparable.""
4.!In"theory"any"sequence"with"an"HGT"index"of">"0"is"more"likely"to"be"foreign,"as"this"means"that"the"bitscore"for"its"best"foreign"hit"was"better"than"the"bitscore"for"its"best"metazoan"hit."However,"at"values"close"to"zero,"especially"in"cases"where"the"sequence"in"question"is"universally"highly"conserved,"there"is"some"uncertainty"in"whether"a"gene"can"be"classed"as"foreign."Because"of"this,"we"had"to"select"a"threshold"for"the"HGT"index,"above"which"we"could"be"confident"that"sequences"are"genuinely"foreign.""In"Gladyshev"et"al.,"(2008)"genes"with"an"AI">"45"were"considered"foreign,"based"on"further"analysis"of"sequences"using"phylogenetic"methods."We"selected"a"threshold"for"the"HGT"index"based"on"a"comparison"of"the"proportion"of"foreign"sequences"in"other"invertebrate"genomes."The"relative"proportion"of"transcripts"exceeding"a"given"value"of"the"HGT"index"in"our"bdelloid"sample"and"an"invertebrate"sample"(both"C.(elegans(and"D.(melanogaster)"was"plotted"(fig."1,"Boschetti"et(al((2012),"appendix"II)."From"this"plot,"it"was"apparent"that"bdelloids"had"an"increased"proportion"of"genes"with"high"values"and"the"threshold"was"set"for"the"point"that"captured"this"observed"difference"in"the"distributions."I"then"verified"the"choice"of"an"HGT"index"cutoff"as"30"by"phylogenetic"analysis"of"sequences"with"an"HGT"index"≥"30.("
5.!The"translated"amino"acid"sequence"of"transcripts"with"an"HGT"index"≥"30,"and"with"at"least"one"metazoan"hit,"were"aligned"with"their"BLASTX"hits"using"ClustalW2,"and"the"resulting"alignments"were"trimmed"to"remove"regions"with"only"one"sequence."""
6.!PhyML"was"used"to"generate"a"phylogenetic"tree"for"each"alignment."Initially"four"models"were"run"for"each"tree"(JTT,"JTT+G,"HKY"and"HKY+G),"and"then"the"best"tree"was"selected"using"a"likelihood"ratio"test."However,"the"JTT"model"was"selected"as"the"best"model"in"the"majority"of"cases,"and"differences"between"trees"produced"with"the"different"models"were"small,"and"so"to"reduce"the"required"computing"power"the"JTT"model"alone"was"used"for"producing"phylogenies"for"
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the"entire"dataset."Branch"supports"were"calculated"using"the"approximate"LikelihoodGRatio"test"(aLRT)."""
7.!To"test"whether"there"was"phylogenetic"support"for"the"foreign"origin"of"sequences"with"an"HGT"index"≥"30"I"first"defined"five"categories"for"the"phylogenies"(fig."3.2)."Categories"1"to"3"were"for"sequences"where"monophyly"with"Metazoa"could"not"be"rejected,"and"categories"4"and"5"were"for"sequences"that"could"be"defined"as"originating"by"horizontal"gene"transfer"from"another"taxonomic"group"with"high"support."Category"1"comprised"trees"where"the"bdelloid"transcript"was"monophyletic"with"metazoan"sequences,"category"2"was"for"sequences"where"monophyly"with"metazoan"sequences"could"not"be"strongly"rejected"(the"sequence"was"included"in"a"clade"with"metazoan"sequences"when"nodes"with"support"less"than"0.95"were"collapsed),"category"three"contained"sequences"with"too"few"BLASTX"hits"to"define"meaningful"clades,"category"4"contained"trees"where"monophyly"with"Metazoa"could"be"strongly"rejected,"and"category"5"was"for"cases"where"the"bdelloid"sequence"was"monophyletic"with"another"single"nonGmetazoan"taxon."To"test"which"category"each"gene"tree"produced"in"step"6"conformed"too,"the"tree"was"unrooted"and"the"test"asked"if"query"could"be"monophyletic"with"each"taxon"given"any"favourable"rooting"of"the"tree."On"this"basis"98%"of"bdelloid"transcripts"with"an"HGT"index"value"≥30"and"at"least"one"metazoan"hit"were"confirmed"as"nonGmetazoan"(categories"4"and"5).""
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Figure!3.2.!Five"categories"of"phylogeny"used"in"step"7!
!
!
Results!
!
Contribution&of&horizontally&acquired&genes&to&the&A.&ricciae&transcriptome&9.7%"of"identified"transcripts"had"an"HGT"index"of"≥"30."Of"the"assembled"transcriptome"of"61,219"transcripts,"28,922"sequences"had"a"significant"match"in"UniProtKB"(eGvalue"≤"10G5)."The"remaining"52.8%"of"transcripts"with"no"significant"match"in"UniProtKB"must"be"a"combination"of"genes"with"an"unknown"function"and"transcribed"but"nonGcoding"RNA."For"the"47.2%"of"transcripts"with"a"significant"match"in"UniProtKB,"we"identified"2,792"genes"with"an"HGT"index"≥"30,"and"so"taken"to"be"horizontally"acquired."Of"the"subset"that"could"be"verified"using"phylogenetic"analysis"(908"transcripts),"98%"were"confirmed"to"be"horizontally"acquired."It"was"not"possible"to"build"phylogenetic"trees"for"the"remaining"1884"transcripts,"as"they"had"no"good"metazoan"matches"in"
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UniProtKB,"but"for"this"very"reason"it"is"reasonable"to"assume"that"most"of"these"genes"were"horizontally"acquired"too."!"
Contribution&of&horizontally&acquired&genes&to&B.&plicatilis&transcripts&Of"the"47925"expressed"sequence"tags"from"the"monogonont"rotifer"B.(plicatilis"(accession"numbers"FM897377–FM945301)"(Denekamp"et"al.,"2009),"which"were"assembled"into"16024"contigs,"9685"contigs"(60.4%)"had"a"BLASTX"eGvalue"≤"1eG05."Of"these"9695"contigs,"1.8%"(171/9,685)"of"transcripts"had"an"HGT"Index"≥"30."This"is"comparable"to"C.(elegans,"where"foreign"genes"make"up"1.8%"of"their"transcriptome,"and"slightly"higher"than"D.(melanogaster,"with"0.6%"HGT"(Boschetti"et"al."2012)."HGT"in"A.ricciae(is"therefore"more"than"5"times"that"in"B.(plicatilis.(
!
Distinguishing&putative&foreign&genes&from&contamination&of&the&
transcriptome&To"make"sure"that"transcripts"identified"as"foreign"were"not"simply"contaminating"sequences"in"the"transcriptome,"transcripts"were"aligned"to"an"early"draft"of"the"A.(ricciae(genome."This"genome"was"very"incomplete,"but"even"so,"91%"of"foreign"transcripts"aligned"for"at"least"50%"of"their"length."This"is"comparable"with"90%"of"all"transcripts"that"aligned"to"the"A.(ricciae"genome,"suggesting"that"the"missing"10%"is"due"to"incompleteness"of"the"genome"assembly"rather"than"contamination."Even"if"9%"of"transcripts"identified"as"foreign"cannot"be"shown"to"be"part"of"the"bdelloid"genome,"the"percentage"of"transcripts"examined"that"have"an"HGT"index"of"≥"30"would"still"be"8.8%.!
!
Identity&of&foreign&gene&donor&taxa&As"observed"in"other"studies"of"horizontal"gene"transfer,"the"majority"of"genes"identified"as"horizontally"acquired"in"A.(ricciae(originated"from"a"prokaryotic"donor:"59%"of"foreign"transcripts"have"a"eubacterial"protein"as"their"best"BLAST"hit,"and"1%"have"an"archaeal"protein."Of"the"remaining"foreign"transcripts,"23%"group"with"fungal"sequences,"6%"with"plants"(including"algae)"and"11%"with"“other"eukaryotic"taxa”,"a"subset"of"UniProt"consisting"mainly"of"protists"(fig."3.3)."!
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Figure!3.3.!Percentage"of"foreign"genes"with"top"blastx"hits"in"each"nonGmetazoan"taxon"
!
!
&
Comparison&of&HGT&index&and&Alien&index&As"well"as"calculating"the"HGT"index"for"each"transcript,"I"also"calculated"the"Alien"Index,"which"is"based"on"eGvalues"rather"than"bit"scores."To"ensure"that"the"new"index"of"“foreignGness”"was"comparable"with"previous"studies,"I"compared"the"results"based"on"the"two"indices.""The"correlation"between"the"Alien"Index"and"the"HGT"index"is"almost"perfect"(fig."3.4),"confirming"that"the"HGT"index"is"comparable"with"previous"studies,"while"allowing"for"the"improvements"gained"by"using"bitGscores"rather"than"eGvalues."The"one"noticeable"set"of"outlier"points"lie"along"the"line"where"the"Alien"Index"="0."In"some"cases"it"appears"that"the"Alien"Index"found"no"difference"between"metazoan"and"nonGmetazoan"best"hits,"whilst"the"bitGscore"revealed"that"the"metazoan"hit"was"actually"far"better"than"the"nonGmetazoan"one."This"is"of"little"consequence,"as"the"genes"where"discrepancies"lie"are"all"definitely"metazoan"in"origin,"but"in"these"few"cases"the"HGT"index"provides"a"more"conservative"estimate"of"“foreignGness”.!!
!
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Figure!3.4.!Comparison"of"Alien"Index"and"HGT"index"across"A.(ricciae(transcripts.!
!"In"Gladyshev"et"al.,"(2008)"an"AI"of"45"was"selected"as"the"threshold"for"the"identification"of"horizontally"acquired"genes."The"HGT"index"equivalent"of"this,"based"on"the"proportion"of"transcripts"selected,"is"approximately"67!(fig."3.5)."The"AI"equivalent"to"the"chosen"cutGoff"for"the"HGT"index"of"30"is"approximately"20"(fig."3.5)."So"the"chosen"threshold"is"less"restrictive"than"the"Alien"Index"of"45"used"in"Gladyshev"et"al.,"(2008)."However,"as"98%"of"trees"supported"the"HGT"selected"cutGoff,"it"is"safe"to"assume"that"the"AI"of"45"was"very"conservative,"and"that"an"HGT"index"of"30"is"appropriate.""
Figure!3.5.!Percentage"of"transcripts"exceeding"a"given"Alien"Index"(red)"or"HGT"index"(green).!
"
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Robustness&of&HGT&estimate&to&BLASTX&threshold&and&database&used&for&
search&The"threshold"eGvalue"chosen"for"accepting"a"sequence"in"UniProtKB"as"a"good"match"to"a"bdelloid"query"sequence"has"the"potential"to"affect"the"proportion"of"sequences"calculated"to"be"acquired"horizontally."This"was"checked"by"repeating"the"analyses"with"higher"stringency"for"the"BLASTX"search."Increasing"the"stringency"led"to"a"slight"increase"in"the"proportion"of"transcripts"defined"as"foreign:"with"a"threshold"of"e"<"1eG05,"9.7%"have"an"HGT"index"≥"30,"with"a"threshold"of"e"<"1eG10,"10.1%"have"an"HGT"index"≥"30,"and"with"a"threshold"of"e"<"1eG15"10.1%"have"an"HGT"index"≥"30."This"suggests"that"the"chosen"BLASTX"threshold"produces"a"conservative"estimate"of"HGT.""The"database"used"for"the"BLASTX"search"might"also"affect"analyses,"so"the"team"in"Cambridge"repeated"them"using"the"better"curated"and"smaller"database"SwissProt,"which"gave"us"11.3%"of"transcripts"with"an"HGT"index"≥30."Again"demonstrating"that"our"methods"produce"a"conservative"estimate"of"the"amount"of"HGT"compared"with"alternative"options.!""
Other&results&The"team"in"Cambridge"performed"further"functional"annotation"of"the"subset"of"
A.(ricciae(transcripts"with"an"HGT"index"≥"30."The"28,922"transcripts"with"at"least"one"hit"in"UniProtKB"with"an"eGvalue"≤"1eG05"were"aligned"to"matches"in"the"SwissGProt"database,"and"where"present"the"Enzyme"Commission"(EC)"number"of"each"transcript’s"top"hit"was"recorded."A"new"HGT"index,"hS"was"calculated"for"the"26,001"transcripts"with"a"significant"hit"in"SwissGProt"(eGvalue"≤"1eG05)"and"transcripts"were"divided"into"categories"designating"metazoan"(hS(≤"0),"intermediate"(0">"hS(>(30)"or"foreign"(hS(≥"30)."13,059/26,001"transcripts"with"a"significant"SwissGProt"match"were"annotated"with"an"EC"number."2,947"transcripts"(11.3%)"had"an"hS(≥"30,"and"79%"of"these"transcripts"2,341/2,947"were"annotated"with"an"EC"number."The"overGrepresentation"of"EC"numbers"in"foreign"transcripts"shows"enrichment"for"foreign"genes"involved"in"metabolic"
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functioning."Furthermore,"23%"of"total"EC"numbers"annotated"to"A.(ricciae(transcripts"were"annotated"to"only"transcripts"with"hS(≥"30;"nearly"a"quarter"of"A.(
ricciae’s"enzyme"functions"are"exclusively"of"foreign"origin."Examples"of"novel"functions"implicated"by"EC"numbers"in"foreign"transcripts"include"degradation"of"toxic"compounds"(e.g."benzyl"cyanide,"1,3Gdichloropropene,"benzoate"and"bisphenol),"novel"resource"acquisition"(e.g."cellulose"and"polygalacturonate),"and"possibly"even"carbon"fixation"from"CO2"using"phosphoenolpyruvate"synthase"and"phosphoenolpyruvate"carboxylase.""
!
Discussion!
Discussion&of&results&In"this"chapter,"and"in"results"published"in"Boschetti"et(al."(2012),"we"have"shown"that"in"one"species"of"bdelloid"rotifer,"A.(ricciae,"nearly"10%"of"expressed"genes"are"of"foreign"origin."Following"the"initial"discovery"of"foreign"genes,"Gladyshev"et"al.,"(2008)"did"demonstrate"that"three"were"transcribed,"but"the"fact"that"the"majority"of"genes"identified"in"their"study"were"situated"in"subGtelomeric"regions"of"the"genome"meant"that"at"this"stage"it"was"still"possible"that"the"majority"of"genes"identified"as"candidates"for"horizontal"acquisition"were"not"expressed."SubGtelomeric"regions"are"more"variable"than"the"rest"of"the"genome"and"tend"to"contain"a"large"number"of"repetitive"and"mobile"elements"as"well"as"pseudogenes."In"the"subGtelomeric"regions"of"yeasts,"where"genes"can"be"transcriptionally"silenced"(Mondoux"and"Zakian,"2006),"pseudogenes"outnumber"functional"genes"by"up"to"16"times"(Lafontaine"and"Dujon,"2010)."The"telomere"position"effect"has"been"noted"across"a"broad"range"of"taxa"including"in"mice"(Pedram"et"al.,"2006)"and"Drosophila"(Mason"et"al.,"2003)."Given"the"fact"that"genes"in"subtelomeric"regions"are"often"expressed"at"a"lower"level"than"those"in"the"“core"genome”,"or"are"entirely"transcriptionally"silenced,"and"that"most"of"the"genes"identified"as"foreign"to"date"were"identified"in"subtelomeric"regions,"the"finding"of"~10%"HGT"in"was"a"surprisingly"large"portion"of"transcripts."
!
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In"the"context"of"non"organelleGbased"horizontal"gene"transfer"in"eukaryotes,"the"horizontal"acquisition"of"genes"in"bdelloids"appears"to"be"a"standGout"case."There"are"few"described"cases"of"interGkingdom"HGT"or"the"horizontal"acquisition"of"genes"in"multiGcellular"eukaryotic"organisms,"and"no"cases"are"described"where"horizontally"transferred"genes"make"up"a"significant"portion"of"transcribed"genes."This"is"likely"to"be"for"a"combination"of"reasons,"including"a"reluctance"to"report"cases"of"possible"HGT"following"the"misidentification"contaminating"sequences"as"part"of"the"human"genome"(Andersson"et"al.,"2001;"Lander"et"al.,"2001;"Salzberg"et"al.,"2001)."However,"there"are"also"strong"biological"barriers"to"the"acquisition"of"genes"by"horizontal"transfer"in"eukaryotes."For"a"horizontally"acquired"gene"to"be"transmitted"vertically"to"following"generations"it"must"be"successfully"incorporated"in"the"germ"line"of"the"new"host"individual."Most"metazoans"have"a"dedicated"germGline,"where"gametes"form"a"different"developmental"lineage"from"the"rest"of"the"somatic"cells,"and"the"chance"of"an"individual"incorporating"DNA"from"its"environment"into"these"cells"is"thought"to"be"low"in"comparison"to"the"likelihood"of"incorporation"of"DNA"into"a"single"celled"organism"(Andersson"et"al.,"2001)."Because"of"the"barrier"presented"by"a"sequestered"germGline,"many"of"the"described"cases"of"horizontal"gene"transfer"into"multiGcellular"eukaryotes"involve"a"hostGparasite"relationship"(Hotopp"et"al.,"2007;"McNulty"et"al.,"2012;"Xi"et"al.,"2012)."Once"in"the"host"germGline"a"horizontally"acquired"gene"must"then"persist"and"be"expressed."Again"the"nature"of"multiGcellular"eukaryotes"presents"a"barrier"against"the"naturalisation"of"horizontally"acquired"genes."As"most"horizontally"transferred"genes"come"from"prokaryotes,"these"genes"are"arriving"in"a"dramatically"different"genetic"background,"with"compartmentalised"cells"(and"no"means"of"tagging"themselves"to"be"delivered"to"the"“right”"place),"and"potentially"even"different"genetic"codes.""Some"peculiarities"of"bdelloid"biology"might"help"to"explain"how"they"have"overcome"certain"barriers"to"horizontal"gene"transfer"in"multiGcellular"eukaryotes."The"unusual"desiccation"tolerance"of"bdelloids"(Ricci,"1998)"is"thought"to"be"aided"by"an"unusually"good"double"strand"break"repair"system"(Gladyshev"and"Meselson,"2008;"Gladyshev"and"Arkhipova,"2010)."The"fact"that"they"are"desiccation"tolerant"means"that"some"bdelloid"species"undergo"frequent"
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cycles"of"desiccation"and"rehydration,"which"might"allow"easier"access"of"DNA"to"cells"by"permeabilizing"host"cell"membranes."Once"foreign"DNA"is"inside"a"bdelloid"cell,"host"DNA"breakage"and"repair"might"increase"the"likelihood"of"donor"DNA"being"incorporated"into"the"host"DNA."Bdelloids’"ancient"asexuality"may"also"contribute"to"their"accumulation"of"foreign"genes."Without"sexual"reproduction"it"is"thought"that"asexual"species"should"have"trouble"removing"deleterious"mutations"from"their"gene"pool"(Hill"and"Robertson,"1966)."It"has"already"been"shown"that"bdelloids"have"signs"of"inefficient"selection"against"deleterious"mutations"(Barraclough"et"al.,"2007),"and"perhaps"they"might"also"be"slow"at"removing"horizontally"acquired"genes."!"This"study"provided"us"with"evidence"of"a"muchGelevated"rate"of"horizontal"gene"transfer"into"the"Adineta(ricciae(genome."A.(ricciae(was"first"isolated"from"a"billabong"in"Australia"(Segers"and"Shiel,"2005),"and"responds"very"well"to"cycles"of"desiccation"and"rehydration,"which"it"probably"experienced"frequently"in"its"natural"habitat."It"would"be"very"interesting"to"see"if"this"high"level"of"HGT"is"consistent"across"bdelloids"with"more"aquatic"lifestyles,"and"if"so,"whether"this"occurred"ancestrally"in"bdelloids"or"varies"among"different"lineages.""We"should"be"careful"when"speculating"about"the"adaptive"role"of"HGT"in"bdelloids."It"is"tempting"to"suggest"that"novel"genetic"material"acquired"in"this"way"might"go"some"way"towards"ameliorating"the"lack"of"genetic"variation"resulting"from"ancient"asexuality,"however,"HGT"is"not"a"replacement"for"sex."It"is"possible"that"the"presence"of"foreign"genes"in"bdelloid"genomes"has"more"to"do"with"bdelloid"rotifers’"limited"ability"to"purge"deleterious"mutations,"and"that"they"are"evolutionary"“spandrels”"with"no"adaptive"role"to"play."Their"continued"presence"in"the"genome"may"be"less"difficult"for"them"because,"as"asexuals,"the"insertion"of"foreign"genes"into"their"chromosomes"does"not"affect"their"ability"to"reproduce."""However,"the"fact"that"there"are"so"many"foreign"genes"present"currently"in"bdelloid"genomes"implies"one"of"two"things"(or"a"combination"of"the"two):"that"foreign"genes"do"at"least"persist"intact"and"expressed"for"a"reasonable"chunk"of"
"" 69"
evolutionary"time,"or"that"foreign"genes"are"being"gained"faster"than"they"are"lost"by"pseudogenisation."It"would"be"possible"to"gain"greater"insight"into"this"question"by"examining"HGT"in"other"species"of"bdelloid"rotifer"across"their"evolutionary"tree."It"would"also"be"interesting"to"know"how"foreign"genes"are"distributed"throughout"the"genome,"and"the"rate"at"which"HGT"is"occurring,"which"could"be"estimated"based"on"phylogenetic"distribution"and"level"of"amelioration"of"foreign"genes.""As"is"commonly"found"in"other"studies"of"HGT"(Keeling"and"Palmer,"2008),"by"far"the"most"common"source"of"horizontally"acquired"genes"in"A.(ricciae(is"bacteria."Their"small"size"and"ecological"roles!as"both"food"and"pathogens"means"that"bacteria"are"likely"to"be"in"particularly"close"contact"with"bdelloids,"and"this"alone"might"be"enough"to"explain"the"overGrepresentation"of"bacterial"genes"in"bdelloid"genomes."However,"it"is"possible"that"the"HGT"detection"method"shows"a"bias"towards"the"discovery"of"bacterial"genes,"as"they"are"more"likely"to"be"very"different"from"metazoan"genes"and"therefore"to"have"a"very"high"HGT"index"score.!The"second"most"common"donor"taxon"is"fungi,"and"this"is"interesting"as"there"are"several"wellGknown"fungal"pathogens"of"bdelloid"rotifers,"in"the"genus"
Rotiferophthora"(Barron,"1991),"so"it"is"known"that"some"fungi"do"live"in"close"association"with"bdelloids."
!A"substantial"enrichment"for"transcripts"with"enzymatic"annotations"shows"enrichment"for"foreign"genes"involved"in"metabolic"functioning,"in"accordance"with"findings"in"prokaryotes"(Pál"et"al.,"2005a;"Williams"and"Sayers,"1994)),!that"horizontally"acquired"genes"often"perform"biochemical"functions."That"nearly"a"quarter"of"enzyme"functions"present"in"the"A.(ricciae(transcriptome"were"annotated"to"foreign"transcripts"only"indicates"a"substantial"role"of"HGT"in"expanding"bdelloids’"metabolic"repertoire."
!
Discussion&of&methods&The"estimate"of"the"number"of"horizontally"acquired"genes"in"bdelloid"rotifers"will"have"been"affected"by"a"number"of"biases"caused"both"by"method"of"detection"and"by"the"incompleteness"of"current"protein"databases."
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!In"order"to"minimise"the"uncertainty"caused"by"incomplete"phylogenetic"sampling"in"online"protein"databases"we"chose"to"only"examine"betweenGkingdom"horizontal"gene"transfer."Excluding"the"possibility"of"identifying"any"HGT"from"other"metazoans"could"make"estimates"conservative."Transfer"from"a"less"changed"genetic"background"might"make"HGT"from"metazoans"more"likely"to"occur"than"HGT"from"other"kingdoms"of"life,"although"the"abundance"of"bacterial"genes"in"A.(ricciae"would"suggest"that"a"different"genetic"background"is"little"barrier,"and"that"ecological"factors"such"as"proximity"of"donor"and"host"may"be"more"important."""Half"of"the"contigs"from"the"assembled"A.(ricciae(transcriptome"were"excluded"from"the"analysis"because"they"had"no"good"match"in"UniProtKB,"and"there"is"no"way"of"knowing"if"these"genes"were"more"or"less"likely"to"be"horizontally"acquired."However,"even"if"none"of"the"excluded"genes"are"foreign,"that"still"leaves"~5%"of"transcribed"genes"being"the"result"of"HGT."
!A"number"of"parameters"set"for"the"HGT"index"analysis,"including"the"database"searched,"the"threshold"for"accepting"BLASTX"matches"and"the"threshold"of"the"HGT"index"itself,"will"all"have"affected"to"some"extent"the"number"of"predicted"HGT"events"observed.""The"database"chosen"made"a"slight"difference"to"the"final"estimates,"the"estimate"of"9.7%"in"UniProt"increased"to"11.3%"if"SwissProt"was"used"instead."This"probably"reflects"a"bias"towards"wellGcurated"bacterial"genomes"in"SwissProt,"making"“bacterial”"genes"marginally"better"identified"in"the"transcriptome"sample."Increasing"the"stringency"of"BLASTX"value"required"to"accept"a"gene"as"a"match"actually"slightly"increased"the"portion"judged"to"be"HGT"(to"11.5%"when"e<10G10"and"11.7%"when"e<10G15),"so"again"estimates"are"likely"to"have"been"conservative."Choosing"the"threshold"for"the"HGT"index"was"more"important:"clearly"the"HGT"index"threshold"set"will"directly"influence"the"number"of"genes"identified"as"horizontally"transferred."The"threshold"was"chosen"based"on"difference"from"other"species,"which"shows"that"if"(as"is"generally"accepted)"HGT"is"low"in"other"metazoan"species,"then"HGT"is"much"higher"in"bdelloids."Phylogenetic"analysis"was"used"to"test"these"findings,"confirming"the"vast"
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majority"of"cases,"and"only"outright"rejecting"18"transcripts"with"an"HGT"index"≥"30.""Given"this,"we"can"be"confident"that"the"HGT"index"is"a"good"proxy"for"more"intensive"phylogenetic"analyses.""It"is"possible"that"in"some"cases"large"genetic"distances"between"bdelloid"genes"and"the"other"sequences"included"in"phylogenies"used"to"assess"horizontal"gene"transfer"might"lead"to"incorrect"phylogenetic"reconstruction"and,"as"a"result,"incorrect"interpretation"of"a"gene"as"foreign."If"divergence"between"a"query"gene"and"all"blastx"matches"returned"is"large"enough,"uncertainty"in"placement"of"the"query"sequence"on"the"phylogeny"could"lead"to"false"claims"of"HGT."The"distance"between"species"queries"and"the"closest"complete"proteomes"used"in"the"initial"blast"search"in"the"pipeline"will"therefore"potentially"have"an"impact"on"the"number"of"genes"incorrectly"identified"as"horizontally"acquired."Bdelloids"are"now"considered"to"belong"to"the"clade"Platyzoa,"in"the"larger"group"Spiralia"(Edgecombe"et"al.,"2011;"Fontaneto,"2014)."There"were"four"Platyhelminthes"samples"(also"in"the"platyzoa)"present"in"the"UniProtKB"complete"proteome"database"at"the"time"of"analysis,"and"11"nematodes,"one"mollusc"and"one"annelid"proteome"(all"Spiralians)"were"also"present."In"comparison"to"D.(melanogaster(or"
C.(elegans,"which"both"have"multiple"complete"proteomes"for"other"members"of"their"respective"genera"available,"the"rotifer"samples"only"had"more"distant"relatives"in"the"database"searched."However,"including"the"monogonont"rotifer"
Brachionus(plicatilis"as"a"comparison"controls"for"this"effect."As"the"sister"group"to"bdelloid"rotifers,"monogonont"genes"will"be"just"as"different"from"all"other"samples"in"UniProtKB"as"bdelloids"genes"are,"and"would"be"expected"therefore"to"suffer"from"the"same"problems"of"taxonomic"missGassignment"due"to"genetic"divergence."As"gene"trees"were"based"on"amino"acid"sequences,"long"branch"attraction"between"species"with"similar"GC"content"is"unlikely"to"have"affected"results."That"the"extent"of"putative"HGT"in"bdelloid"rotifers"is"five"times"higher"than"that"is"monogonont"rotifers"demonstrates"that"even"after"taking"problems"of"high"sequence"divergence"into"account"HGT"is"unusually"frequent"in"bdelloid"rotifers.""
!
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Even"accounting"for"methodological"biases"in"these"estimates,"bdelloid"rotifers"are"a"clear"exception"to"the"levels"of"HGT"observed"in"multicellular"metazoans."This"might"be"in"part"because"their"continual"cycles"of"desiccation"and"rehydration"could"disrupt"membrane"and"DNA"integrity,"providing"a"route"into"the"nucleus"for"foreign"DNA."What"remains"to"be"seen"is"the"extent"to"which"these"findings"can"be"generalised"to"other"bdelloid"species,"and"further"investigation"across"a"broader"range"of"bdelloid"species"will"allow"for"a"better"understanding"of"both"the"frequency"of"horizontal"transfer"events"and"the"adaptive"significance"of"the"uptake"of"so"many"foreign"genes"into"bdelloid"genomes."!
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Chapter!4:!Horizontal!gene!transfer!is!both!ancient!and!
ongoing!in!bdelloid!rotifers!
!
!
Introduction!
!Horizontal"gene"transfer"(HGT),"the"“nonGsexual"movement"of"genetic"material"between"two"organisms”"(Keeling,"2009),"is"relatively"common"in"prokaryotic"organisms"(Smillie"et"al.,"2011),"but"a"number"of"factors"combine"to"make"it"far"rarer"in"multicellular"eukaryotic"species"(Andersson,"2005)."In"order"for"a"eukaryotic"species"to"gain"a"gene"successfully"by"HGT,"foreign"DNA"must"enter"the"host"nucleus"without"bacterial"mechanisms"of"genetic"exchange,"and"in"more"complex"organisms"this"DNA"must"successfully"enter"the"sequestered"germGline"in"order"to"be"transmitted"to"offspring"(Bock,"2010;"Kurland"et"al.,"2003)."Once"in"the"host"genome,"foreign"DNA"must"not"experience"strong"negative"selection,"despite"a"probable"discrepancy"between"the"niche"of"the"donor"and"the"host"(c.f."Wiedenbeck"and"Cohan,"2011).""Among"metazoan"species"there"are"now"several"wellGdocumented"and"convincing"cases"of"the"horizontal"transfer"of"single"genes"or"small"sets"of"genes"from"nonGmetazoan"donors."Multiple"horizontal"transfer"events"are"thought"to"have"favoured"the"emergence"of"plantGparasitism"in"rootGknot"nematodes,"through"the"uptake"of"genes"involved"in"plant"cellGwall"degradation"and"modulation"of"plant"defence"from"bacteria"(Danchin"et"al.,"2010;"Haegeman"et"al.,"2011)."A"transfer"of"genes"from"algae"to"the"photosynthetic"seaGslug"Elysia(
chlorotica"has"been"demonstrated"(Pierce"et"al.,"2012;"Rumpho"et"al.,"2008)."Carotenoid"production"has"proved"to"be"an"easily"identifiable"phenotype"which"has"repeatedly"arisen"in"metazoan"species"as"the"result"of"HGT:"Moran"and"Jarvik"(2010)"have"shown"that"carotenoid"production"in"aphids"utilises"genes"of"fungal"origin,"and"Altincicek"et"al."(2012)"showed"a"similar"acquisition"in"two"species"of"spider"mite."Despite"these"recent"examples,"HGT"in"eukaryotes"is"still"considered"
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to"be"a"rare"event,"and"the"role"of"HGT"in"the"acquisition"of"novel"adaptations"is"not"often"considered"when"looking"at"evolution"of"eukaryotes."The"exception"to"the"low"rate"of"HGT"in"eukaryotes"is"found"in"bdelloid(rotifers;"microscopic,"anciently"asexual"aquatic"metazoans,"where"extensive"HGT"has"been"identified."
!Since"the"initial"discovery"of"the"presence"of"horizontally"acquired"genes"in"subGtelomeric"regions"of"two"species"of"bdelloid"rotifer"(Gladyshev"et"al.,"2008),"work"in"Adineta(ricciae((Boschetti"et"al."(2012);"chapter"3)"has"demonstrated"that"many"of"these"genes"are"expressed"(8G10%"of"all"A.(ricciae(transcripts"are"potentially"foreign)"and"that"they"are"involved"in"diverse"metabolic"pathways"and"contribute"to"the"desiccation"response"(Boschetti"et"al.,"2011)."The"publication"of"the"first"bdelloid(genome"(Flot"et"al.,"2013)"provided"confirmation"in"a"closely"related"species;"in"Adineta(vaga,"8%"of"predicted"genes"are"of"putative"foreign"origin."Based"on"presence"of"these"foreign"genes"in"the"same"degenerate"tetraploid"state"as"the"rest"of"the"genome,"Flot"et(al"(2013)"predict"that"at"least"20%"were"incorporated"into"the"genome"of"the"common"ancestor"of"extant"bdelloid"species."""Two"major"features"of"bdelloid"ecology"may"contribute"to"their"unusually"high"number"of"horizontally"acquired"genes.!Bdelloid"rotifers"are"extremely"tolerant"to"desiccation"(Ricci,"1998),"and"it"has"been"suggested"that"foreign"genes"might"be"incorporated"into"their"genome"during"cycles"of"desiccation"and"rehydration"(Gladyshev"et"al.,"2008),"during"which"DNA"is"possibly"broken"and"repaired"(Gladyshev"and"Meselson,"2008;"Gladyshev"and"Arkhipova,"2010)."This"potentially"provides"a"route"for"foreign"DNA"to"enter"the"bdelloid"genome,"overcoming"the"lack"of"mechanisms"for"DNA"exchange"frequently"cited"as"a"barrier"to"eukaryotic"HGT."In"addition,"analysis"of"the"genome"of"A.(vaga(shows"that"genes"are"organised"in"such"a"way"as"to"make"meiotic"pairing"of"chromosomes"impossible"(Flot"et"al.,"2013);"ancient"asexuality"could"remove"another"barrier"to"successful"HGT"usually"present"in"eukaryotes,"by"removing"the"need"for"chromosome"pairing"during"meiosis."Another"potential"consequence"of"ancient"asexuality"is"a"reduced"ability"to"remove"deleterious"mutations"from"the"gene"pool"(Hill"and"Robertson,"1966;"Rice"and"Friberg,"2007)."Inefficient"
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selection"against"deleterious"mutations"has"been"demonstrated"in"bdelloid"rotifers"(Barraclough"et"al.,"2007)"at"the"point"mutation"level,"and"it"is"possible"that"a"similar"process"would"allow"the"accumulation"of"foreign"genes"in"the"bdelloid"genome."!"Horizontally"acquired"genes"might"also"provide"some"compensation"for"the"lack"of"genetic"novelty"experienced"by"ancient"asexuals,"and"it"is"apparent"that"an"unusually"large"portion"of"the"genes"of"two"bdelloid"species"(A.(ricciae(and"A.(
vaga)"are"made"up"of"genes"acquired"by"HGT."The"impact"of"HGT"upon"bdelloid"fitness"is"dependent"on"how"frequent"this"process"is"amongst"all"bdelloid"species."If"the"majority"of"foreign"genes"were"acquired"before"the"divergence"of"extant"bdelloid"species,"these"genes"cannot"be"considered"to"provide"species"with"genetic"novelty,"but"if"their"acquisition"is"frequent"and"ongoing,"their"role"as"a"“replacement"for"sex”"would"appear"more"supported."Without"examining"HGT"in"other,"less"closely"related"bdelloid"species,"any"speculation"about"the"adaptive"significance"or"otherwise"of"foreign"genes"in"bdelloid"evolution"will"remain"just"that."""If"all"bdelloids"do"have"an"unusually"high"portion"of"foreign"genes"in"their"genomes,"we"still"have"to"explain"how"this"might"have"occurred."Bdelloid"rotifers"might"be"more"likely"to"take"up"foreign"DNA"because"of"frequent"bouts"of"desiccation"and"rehydration,"but"to"date"there"is"no"direct"evidence"for"this,"and"the"question"deserves"further"investigation."A"comparative"study"of"species"with"varied"desiccation"tolerance"could"test"for"a"relationship"between"desiccation"frequency"and"HGT.""Here"I"sequenced"the"transcriptomes"of"four"species"from"the"genus"Rotaria,"
Rotaria(magnacalcarata,"Rotaria(socialis,"Rotaria(sordida"and"Rotaria(tardigrada,!to"address"these"questions."Unlike"most"bdelloid"species,"~80%"of"species"in"the"genus"Rotaria"are"aquatic"(Fontaneto"et"al.,"2004),"with"only"five"described"species"found"in"terrestrial"habitats."As"such,"it"is"possible"to"identify"species"from"this"genus"that"exist"in"a"range"of"habitats"where"they"will"be"exposed"to"very"different"desiccation"frequencies."Of"these"four"species,"R.(magnacalcarata(
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and"R.(socialis(live"as"epibionts"on"the"aquatic"waterlouse"Asellus(aquaticus"(Fontaneto"and"Ambrosini,"2010)"so"exist"in"a"constantly"aquatic"environment;"R.(
sordida(can"be"found"in"moss"(Fontaneto"et"al.,"2004)"and"so"is"likely"to"undergo"frequent"cycles"of"desiccation"and"rehydration;"and"R.(tardigrada(is"found"in"the"silt"at"the"bottom"of"transient"pools"of"water"so"will"experience"desiccation"too,"but"perhaps"to"a"lesser"extent.""It"is"possible"to"use"the"variety"of"desiccation"frequencies"seen"in"these"Rotaria(species"to"examine"the"relationship"between"desiccation"and"horizontal"gene"transfer."Furthermore,"the"close"relationships"between"the"four"Rotaria(species"make"it"possible"to"identify"recent"foreign"acquisitions,"whilst"comparison"to"the"previously"examined"Adineta(species"allows"me"to"identify"more"ancient"HGT"events.""I"find"that"a"very"large"portion"(mean"="66.54%)"of"foreign"genes"were"acquired"in"the"common"ancestor"of"all"bdelloid"species,"and"have"been"retained"in"both"
Adineta"and"Rotaria"species"since"their"ancient"acquisition."I"also"identify"a"relationship"between"desiccation"frequency"and"number"of"horizontally"acquired"genes"within"bdelloids."Although"horizontally"acquired"genes"seem"to"be"diverging"at"a"similar"rate"to"their"metazoan"counterparts,"and"the"proportion"of"genes"under"positive"selection"in"foreign"and"metazoan"genes"is"comparable,"I"present"evidence"that"the"anciently"acquired"subset"of"foreign"genes"are"subject"to"relaxed"selection"in"comparison"to"metazoan"genes"in"the"same"species.""
!
!
Methods!
!
Rotifer&sampling&&
Rotaria(magnacalcarata"and"Rotaria(socialis"were"isolated"from"waterlice"sampled"from"the"pond"in"the"Japanese"Garden,"Silwood"Park"Campus,"Ascot."
Rotaria(sordida(was"isolated"from"moss"at"the"bottom"of"a"single"tree"on"the"Silwood"Park"Campus,"Ascot."Rotaria(tardigrada(was"isolated"from"silt"at"the"bottom"of"the"pond"in"the"pond"field,"Silwood"Park"Campus,"Ascot."Between"140"and"300"individuals"were"isolated"for"each"RNA"extraction."Details"of"sampling"can"be"found"in"table"4.1."I"isolated"RNA"from"population"samples"from"the"wild"
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because"the"species"cannot"be"easily"cultured"in"the"laboratory."Bdelloid"morphological"species"often"contain"many"cryptic"species,"but"I"chose"populations"thought"to"comprise"only"a"single"genetic"evolutionarily"significant"unit"(ESU)"based"on"previous"sequencing"of"cytochrome"oxidase"I"and"28S"(Fontaneto"et"al.,"2007).""
Table!4.1.!Details"of"samples"collected"for"sequencing"
Species! RNA!
sample!
Date!
sampled!
Location!
sampled!
Habitat! Number!
individuals!
Rotaria(socialis( Rsoc1""" 02.09.11""" Japanese"pond,"Silwood"Park"Campus,"Ascot,"UK"
Living"on"waterlice"(A.(
aquaticus)"amongst"leaf"litter"in"the"pond."
250"
Rsoc2" 15.09.11" 250"
Rotaria(
magnacalcarata(
RMc3""" 21.09.11""" Japanese"pond,"Silwood"Park"Campus,"Ascot,"UK"
Living"on"waterlice"(A.(
aquaticus)"amongst"leaf"litter"in"the"pond."
250"
RMc4" 30.09.11" 250"
Rotaria(sordida( Rsord5" 16.10.12" Silwood"Park"Campus,"Ascot,"UK" Moss"at"bottom"of"“supertree”." 300"
Rotaria(
tardigrada(
RTard4" 12.11.12" " Pond"in"pond"field,"Silwood"Park"Campus,"Ascot,"UK"
Silt"at"the"bottom"of"the"pond." 140""
!
Desiccation&tolerance&A"1cm2"piece"of"filter"paper"was"added"to"each"well"of"six"24Gwell"plates,"as"a"substrate"for"desiccating"animals"to"attach"to."Individuals"were"sampled"from"the"same"locations"as"transcriptome"isolates,"but"the"following"year."Each"individual"was"extracted"from"the"environment,"washed"and"placed"in"a"well"with"1500µl"water."After"1"hour"excess"water"was"removed,"leaving"a"film"of"water"with"each"rotifer."Plates"were"left"in"an"incubator"at"~20ºC."After"5"days"complete"desiccation"was"confirmed"using"cobalt"chloride"paper"and"water"was"added"to"each"well."After"four"hours"samples"were"examined,"and"individuals"showing"movement"were"scored"as"“survived”."Samples"were"reGchecked"after"a"further"four"hours"to"allow"for"slow"recovery.""
!
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RNA&extraction&and&cDNA&synthesis&RNA"was"extracted"from"each"sample"using"the"RNeasy"Mini"kit"(Qiagen)."RNA"purity"and"concentration"were"checked"using"a"NanoDrop"spectrophotometer."For"both"R.(socialis(and"R.(magnacalcarata(a"pair"of"RNA"samples"were"combined,"and"further"purified"using"ethanolGsodium"acetate"precipitation,"to"produce"a"more"concentrated"sample"for"input"into"the"cDNA"synthesis"reaction."Oligo(dT)Gprimed"cDNA"from"R.(socialis"and"R.(magnacalcarata"samples"was"prepared"using"the"Clontech/Takara"SMART"PCR"cDNA"Synthesis"Kit"and"an"Advantage"2"PCR"Enzyme"System"using"Invitrogen"SuperScript"II"Reverse"Transcriptase."Oligo(dT)Gprimed"cDNA"from"R.(sordida"and"R.(tardigrada"samples"was"prepared"using"the"Clontech/Takara"SMARTer"PCR"cDNA"Synthesis"Kit"and"an"Advantage"2"PCR"Enzyme"System."cDNA"samples"were"not"normalized"prior"to"sequencing"because"of"the"potential"loss"of"material"from"relatively"small"starting"amounts"of"RNA."I"instead"opted"for"high"sequencing"effort"on"the"samples."
&
Sequencing&and&assembly&cDNA"libraries"were"prepared"and"sequenced"by"The"Eastern"Sequence"and"Informatics"Hub"(University"of"Cambridge,"http://www.easih.ac.uk")."Illumina"sequencing"was"performed"in"a"single"HiSeq"lane"for"one"cDNA"library"per"species"(R.(magnacalcarata,(R.(socialis,(R.(sordida(and"R.(tardigrada)."These"were"assembled"with"the"Trinity"assembler"(Grabherr"et"al.,"2011)."A"subset"of"very"low"expression"transcripts,"with"IsoPct"(per"component"expression"level)"<"1"and"FPKM"(Fragments"Per"KB"of"transcript"per"Million"mapped"reads)"<"1"were"excluded"from"further"analysis."The"number"of"transcripts"retained"at"each"step"of"processing"are"recorded"in"table"4.2."Sequence"data"will"be"available"in"GenBank"upon"publication."Transcriptomes"were"compared"to"the"published"transcriptome"for"A.(ricciae"(Boschetti"et"al.,"2012),"which"contains"61219"transcripts.""""""
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Table!4.2.!number"of"reads/sequences"retained"at"each"stage"of"the"assembly"process!" R.&magnacalcarata& R.&socialis& R.&sordida& R.&tardigrada&Illumina"reads" 75.6"million" 78.6"million" 82.7"million" 92.1"million"Initial"Trinity"assembly" 76000" 96000" 108000" 159000"Post"EC,"max"kmer=2" 60542" 71102" 84989" 121350"High"expression"subset" 37985" 39937" 54762" 68840""Transcriptome"coverage"was"assessed"in"a"number"of"ways."I"searched"transcripts"for"presence"of"the"12"mitochondrial"genes"commonly"identified"in"bdelloid"samples"(LasekGNesselquist,"2012),"and"for"both"ssu"rRNA"and"lsu"rRNA"genes."I"calculated"the"number"of"transcripts"per"Rotaria"species"with"a"significant"BLASTX"hit"(eGvalue"≤"1eG05)"in"the"UniProtKB"database."BLASTN"was"used"to"search"for"homologs"to"Rotaria(transcripts"in"A.(ricciae"(eGvalue"≤"1eG10),"and"the"number"of"overlapping"sequences"was"calculated."Length"of"Rotaria(transcripts"was"compared"to"the"length"of"their"top"BLASTN"hits"in"the"A.(ricciae"transcriptome.(Likelihood"of"finding"a"homolog"in"another"bdelloid"sample"was"compared"to"transcript"length"and"expression"level"(Fragments"Per"Kilobase"of"exon"per"Million"fragments"mapped,"FPKM)."
!To"check"for"the"possibility"of"variation"in"copy"number"between"transcriptomes,"Trinity"assemblies"were"used"to"label"transcripts"with"a""c""number"which"identifies"alternative"splice"variants,"a""seq""number"which"identifies"sequence"variation"between"similar"copies"of"a"gene,"and"a""comp""number,"which"encompasses"all""c""splice"variants"and""seq""sequence"variants"into"a"single"transcript"group."Using""c”"as"a"proxy"for"alternative"splice"variants,"and"“seq”"as"a"proxy"for"sequence"variants,"I"compared"the"frequency"of"both""c""and""seq""copy"types"across"the"four"Rotaria"assemblies."In"comparison"to"the"number"of""comp""transcript"groups"containing"just"one""seq""type,"the"number"of"transcript"groups"containing"higher"numbers"of""seq""types"did"not"vary"much"between"species."However,"in"comparison"to"the"number"of"transcript"groups"with"only"one""c""type"there"is"a"marked"difference"between"R.(magnacalcarata(and"R.(socialis,"which"had"a"larger"proportion"of"components"with"a"single"splice"
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type"(87%"and"87.9%"of"transcripts"respectively),"and"R.(sordida(and"R.(
tardigrada,"which"had"a"larger"proportion"of"components"with"more"than"one"splice"type"(25.4%"and"19.1%"of"transcripts"respectively),"and"samples"do"differ"significantly"with"respect"to"proportion"of"components"present"as"a"single"splice"variant"(proportion"test,"p"<"0.0001)."As"assemblies"have"a"similar"proportion"of"“seq”"types,"this"implies"that"a"similar"amount"of"population"level"variation"is"contained"in"each"sample."The"inflated"number"of"predicted"splice"variants"in"R.(
sordida(and"R.(tardigrada(assemblies"might"explain"some"of"the"discrepancies"in"overlap"between"samples.!"To"account"for"the"discrepancies"in"reciprocal"numbers"of"homologs"between"species"caused"by"differences"in"copy"number"(whether"arising"from"population"level"variation,"withinGindividual"copy"variation,"sequencing"or"assembly"error),"within"each"species"transcripts"were"clustered"into"groups"based"on"similarity"using"the"MCL"algorithm"(Enright"et"al.,"2002;"van"Dongen,"2000;"http://micans.org/mcl/)."MCL"identifies"gene"families"based"on"graph"flow"theory,"utilising"a"Markov"Clustering"(MCL)"procedure."Within"each"sample,"an"all"against"all"comparison"was"performed"using"BLASTN,"and"MCL"clusters"were"created"with"eGvalue"of"1eG05"retained"for"whole"transcriptome"comparisons,"and"1eG20"for"HGT"subsets"alone."Clustering"granularity"of"I=2.0"was"used"in"every"case."Manual"checks"indicate"that"eGvalue"thresholds"of"1eG05"and"1eG20"produce"comparable"clusters"within"species"and"between"HGT"and"whole"transcriptome"datasets."The"percentage"of"horizontally"acquired"genes"shared"between"species"could"then"be"compared"to"a"background"percentage"overlap"of"whole"transcriptomes,"with"and"without"clustering"of"sequences."
!
Phylogenetic&relationships&between&Rotaria&species&I"identified"cytochrome"oxidase"1"(cox1)"transcripts"in"each"Rotaria(transcriptome"(sequence"data"will"be"available"in"GenBank"upon"publication),"in"the"transcriptome"of"A.(ricciae((gi|425844704),"and"for"A.(vaga(and"R.(rotatoria((LasekGNesselquist"(2012),"gi|402761739"and"gi|251830150)."Where"there"was"more"than"one"copy"of"the"mitochondrial"gene"identified"in"a"sample"(due"to"population"variation"or"sequencing"error),"the"sequence"with"highest"expression"
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(FPKM)"was"selected"for"analysis."Genes"were"aligned"using"clustalw,"checked"by"eye,"and"then"phylogenetic"relationships"were"reconstructed"using"PhyML."JmodelTest"(Posada"and"Crandall,"1998)"selected"the"GTR"(general"timeGreversible)"model"(Tavaré,"1986)"with"gammaG"distributed"rate"variation"(GTR"+"G)"as"the"most"likely"substitution"model"using"the"Akaike"Information"Criterion."
 
HGT&detection&&Putative"foreign"genes"were"identified"using"the"HGT"index"and"methods"described"in"detail"in"(Boschetti"et"al.,"2012;"chapter"3)."All"analyses"were"conducted"in"R"(The"R"Project"for"Statistical"Computing,"http://www.rGproject."org/)."In"brief,"BLAST"searches"were"performed"using"NCBIGBlast"2.2.25+"(Basic"Local"Alignment"Search"Tool)"(Altschul"et"al.,"1990),"ClustalW2"(EMBLGEBI)"(Larkin"et"al.,"2007)"was"used"for"sequence"alignment,"and"PhyML"3.0"(Guindon"and"Gascuel,"2003)"was"used"to"produce"phylogenetic"reconstructions."The"software"pipeline"was"controlled"using"the"‘system’"function"in"R."For"each"species,"the"set"of"transcripts">200"bp"were"compared"using"BLASTX"to"taxonGspecific"subsets"of"UniProtKB."Subsets"were"metazoa,"eubacteria,"archaea,"plants,"fungi"and"“other"eukaryotes”"in"turn,"and"only"proteins"from"complete"proteomes"were"included"(keyword:"KWG0181)."Sequences"that"did"not"match"with"at"least"one"taxon"with"an"eGvalue"≤"1eG05"were"excluded"from"further"analysis,"leaving"20852,"22130,"29770"and"37071"transcripts"for"R.(
magnacalcarata,"R.(socialis,"R.(sordida(and"R.(tardigrada(respectively."The"HGT"index"(hU),"the"difference"between"the"highest"nonGmetazoan"and"the"highest"metazoan"bitGscores,"was"calculated"for"the"remaining"sequences."A"high"value"indicates"a"stronger"match"to"a"nonGmetazoan"taxon"than"to"metazoans."A"threshold"of"hU"≥"30"(as"used"in"Boschetti"et"al."(2012);"chapter"3)"was"used"to"define"potentially"horizontally"transferred"genes."
!In"order"to"ensure"results"were"robust"to"changing"parameters"in"the"HGT"analysis"I"calculated"the"percentage"of"genes"with"an"hU(≥"30"for"a"range"of"eGvalues"(1eG05"to"1eG30)"required"for"retaining"a"sequence"for"analysis."I"regressed"the"length"of"transcript"against"hU,"and"checked"how"varying"the"transcript"length"required"for"inclusion"in"analyses"affects"the"percentage"of"each"
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species"with"an"hU(≥"30."I"also"checked"how"changing"the"hU(threshold"affects"the"percentage"of"transcripts"in"each"species"designated"as"foreign.""
Contamination&check&Each"transcript"with"an"hU"≥"30"was"used"as"a"query"in"a"BLASTN"search"against"the"nonGredundant"database"(nr),"which"consists"of"nucleotide"sequences"from"GenBank,"EMBL,"DDBJ,"PDB"and"RefSeq."74"R.(magnacalcarata(transcripts,"60"R.(
socialis(transcripts,"77"R.(sordida(transcripts"and"R.(tardigrada(transcripts"with"close"BLASTN"hits"(eGvalue"e"≤"1eG05)"were"identified"as"potential"contaminants."These"transcripts"were"then"searched"for"in"the"A.(ricciae"transcriptome"using"BLASTN."If"a"sequence"returned"a"match"in"A.(ricciae(with"an"eGvalue"of"e"≤"1eG10"it"was"not"considered"a"contaminant,"and"only"the"remaining"five"R.(
magnacalcarata,"eight"R.(socialis,"six(R.(sordida(and"nine"R.(tardigrada(transcripts"were"excluded"from"analyses."Nearly"half"(13/28)"of"the"contaminating"sequences"identified"were"bacterial,"two"were"viral"sequencing"artefacts,"and"the"remainder"were"dispersed"between"other"kingdoms.""
Between&species&comparisons&Each"of"the"four"Rotaria(transcript"sets"was"used"in"turn"to"query"the"other"three"samples"using"discontiguous"megablast"(dcGmegablast)."Based"on"manual"inspection"of"the"output,"any"sequence"with"a"BLAST"hit"with"an"eGvalue"of"e"≤"1eG10"was"considered"a"homolog.""
GC&content&GC"content"of"a"newly"acquired"gene"should"more"closely"resemble"that"of"the"donor"species,"and"over"time"the"GC"content"of"this"gene"will"approach"the"GC"content"of"the"genome"in"which"it"now"exists"(Lawrence"and"Ochman,"1998;"Pál"et"al.,"2005b),"so"GC"content"should"reflect"the"age"of"acquisition"of"horizontally"acquired"genes."I"examined"the"GC"content"of"putatively"horizontally"acquired"genes"in"relation"to"their"position"on"the"Rotaria"phylogeny."Patterns"of"GC"content"will"help"to"distinguish"between"two"potential"explanations"for"the"observed"distribution"of"foreign"genes"between"species:"differential"gene"loss"and"gene"acquisition"on"individual"branches.""
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"The"GC"content"of"each"transcript"was"calculated"using"the"GC.content"function"in"the"package"‘ape’"version"3.0G9"(Paradis"et"al.,"2004)"in"R"(The"R"Project"for"Statistical"Computing,"http://www.rGproject."org/)."Background"GC"content"for"each"transcriptome"was"calculated,"and"this"could"then"be"compared"to"GC"content"in"foreign"transcripts"unique"to"each"species"(either"new"acquisitions"or"differentially"lost"in"all"other"species"sampled),"to"GC"content"of"foreign"transcripts"shared"by"sister"species"only"(either"acquired"before"the"divergence"of"these"species"but"after"divergence"from"the"other"Rotaria"species,"or"differentially"lost"in"other"Rotaria"species),"to"GC"content"of"foreign"transcripts"shared"by"all"four"Rotaria"species"but"not"identified"in"A.(ricciae((either"acquired"after"the"divergence"of"Adineta"and"Rotaria"but"before"the"divergence"of"the"four"
Rotaria"species,"or"differentially"lost"in"A.(ricciae),"and"to"GC"content"of"foreign"transcripts"shared"by"all"five"species"examined"(genes"acquired"before"the"divergence"of"Adineta(and"Rotaria(species)."If"GC"content"is"significantly"higher"in"“unique”"transcripts,"this"will"support"the"supposition"that"on"average"these"transcripts"are"more"recently"acquired,"rather"than"unique"because"they"were"anciently"acquired"and"only"retained"in"a"single"species"sampled."
 
Origin&of&foreign&genes&Transcripts"with"an"hU"≥"30"were"divided"into"groups"based"on"the"kingdom"with"the"lowest"BLASTX"eGvalue:"“eubacteria”,"“archaea”,"“fungi”,"“plants”"or"“other"eukaryotes”."The"number"of"transcripts"in"each"species"could"then"be"compared,"both"as"a"whole,"and"with"respect"to"inferred"recentness"of"acquisition.""
Congruence&of&phylogenies&based&on&foreign&or&metazoan&nuclear&genes&Orthologous"genes"amongst"Rotaria(species"were"identified"by"using"BLASTN"to"detect"reciprocal"best"hits"between"species:"first"reciprocal"best"hits"between"species"pairs"were"identified,"then"the"six"pairGwise"comparisons"were"combined"and"genes"where"reciprocal"best"hits"were"consistent"across"these"comparisons"were"retained."These"were"used"to"query"the"A.(ricciae(transcriptome"using"BLASTN,"and"genes"with"a"homolog"in"A.(ricciae((eGvalue"≤"1eG10)"were"retained.""
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Orthologs"with"an"hU(≥(30"in"more"than"two"of"the"Rotaria"species"were"designated"“foreign"orthologs”."The"remaining"orthologs"were"designated"“metazoan"orthologs”.""The"coding"region"of"transcripts"was"detected"using"OrfPredictor"(Min"et(al."(2005);"http://proteomics.ysu.edu/tools/OrfPredictor.html)."Orthologous"genes"were"aligned"using"ClustalW2,"and"trees"were"constructed"using"PhyML"(GTR+I+G"model,"SHGlike"support"values)."Phylogenies"were"rooted"on"A.(ricciae.""For"each"of"the"resulting"gene"trees,"topology"was"recorded"(from"the"15"potential"topologies).""
&
Divergence&and&selection&in&metazoan&and&foreign&orthologs&For"the"same"orthologous"gene"trees"the"sum"of"branch"lengths"within"each"tree"was"calculated"using"(sum(phylogeny$edge.length)"in"the"APE"package"in"R"(Paradis"et"al.,"2004)"as"a"measure"of"the"variability"of"the"gene."dN/dS"ratio"was"calculated"between"species"pairs"using"the"kaks"function"in"the"seqinr"package"in"R"(Charif"and"Lobry,"2007)."Positive"selection"among"orthologs"was"detected"using"the"likelihood"ratio"test"between"the"codonGsubstitution"models"M1a"(nearly"neutral;"ω"≤"1)"and"M2a"(positive"selection;"including"a"category"of"sites"with"ω">"1)"in"PAML"(Yang,"2007)."
&
Gene&Ontology&and&Enzyme&Commission&number&annotation&and&analysis&Foreign"Rotaria(transcripts"(hU(≥"30)"were"annotated"using"Blast2GO"(v2.6.6)"(Conesa"et"al.,"2005),"using"default"settings"for"mapping"and"annotation,"except"for"the"removal"of"evidence"code"control"from"the"annotation"step"(evidence"code"cutGoff"="1)."1372"of"2182"R.(magnacalcarata"HGT"transcripts"(62.9%),"1294"of"2100"R.(socialis"HGT"transcripts"(61.6%),"2389"of"3826"R.(sordida(transcripts"(62.4%)"and"of"2837"of"5251"R.(tardigrada(transcripts"(54.0%)"received"at"least"one"GO"annotation.""GO"numbers"were"then"compared"against"the"EC2GO"database"(last"modified"10GOctG2013,"(Hill"et"al.,"2001))"and"corresponding"EC"numbers"were"retrieved."933"
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of"the"1372"annotated"R.(magnacalcarata"transcripts,"869"of"the"1294"R.(socialis(transcripts,"1661"of"the"2389"R.(sordida(transcripts"and"1887"of"the"2837"R.(
tardigrada(transcripts"had"an"associated"EC"value."""
Results!
&
Rotaria&desiccation&tolerance&Of"the"36"individuals"per"species"that"were"desiccated"and"rehydrated,"0/36"R.(
magnacalcarata,"0/36"R.(socialis,"29/36"R.(sordida"and"18/36"R.(tardigrada(individuals"recovered"after"dehydration"(fig."4.1b)."The"proportion"of"individuals"recovering"from"desiccation"differed"significantly"in"relation"to"species"(proportion"test,"p<0.0001),"and"comparing"betweenGspecies"pairs"R.(
magnacalcarata(and"R.(socialis(both"had"significantly"lower"survival"than"R.(
sordida((p<0.0001)"and"R.(tardigrada((p<0.0001).(The"difference"in"survival"between"R.(sordida(and"R.(tardigrada(was"also"significant"(p=0.013).""
Figure!4.1.!(a)"proportion"of"foreign"genes"hU(≥"30"with"respect"to"the"total"number"of"transcripts"per"species;"(b)"proportion"of"individuals"surviving"desiccation"and"rehydration"per"species.!Error"bars"show"95%"confidence"intervals."
""
&
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Sequencing&and&assembly&
R.(magnacalcarata,"R.(socialis,"R.(sordida(and"R.(tardigrada(Illumina"reads"were"assembled"using"the"Trinity"assembler"into"libraries"containing"60542,"71102,"84989"and"121350"transcript"contigs,"with"a"mean"length"of"732,"722,"830"and"714"bp"respectively."Very"low"expression"transcripts"were"excluded"from"further"analysis,"leaving"37985"R.(magnacalcarata(transcripts,"39937"R.(socialis(transcripts,"54762"R.(sordida(transcripts"and"68840"R.(tardigrada(transcripts.""
Whole&transcriptome&sampling&and&comparisons&Of"the"12"mitochondrial"genes"commonly"identified"in"bdelloid"samples"(LasekGNesselquist,"2012),"11"were"identified"in"all"four"Rotaria(transcriptomes,"along"with"both"ssu"rRNA"and"lsu"rRNA"genes."28922/61219"A.(ricciae(transcripts"gave"at"least"one"significant"BLAST"hit"(eGvalue"≤"1eG05)"when"compared"to"the"UniProtKB"database"(Boschetti"et"al.,"2012;"chapter"3)."All"Rotaria(samples"exceeded"this"number:"29168/60542"R.(magnacalcarata(transcripts,"34285/71102"R.(socialis(transcripts,"43695/84989"R.(sordida(transcripts"and"58934/121350"R.(tardigrada(transcripts"gave"at"least"one"significant"BLAST"hit"(eGvalue"≤"10−05)"when"compared"to"the"UniProtKB"database."Mean"transcript"length"of"A.(ricciae(transcripts"is"543.00"bp;"mean"transcript"length"is"higher"in"all"Rotaria(samples"(R.(magnacalcarata(="732.64"bp,"R.(socialis(="722.81"bp,"R.(
sordida(="829.99"bp"and"R.(tardigrada(="714.86"bp)."Length"of"Rotaria(transcripts"was"compared"to"length"of"top"tBLASTX"hits"in"A.(ricciae;"51.60%"of"R.(
magnacalcarata"transcripts,"50.31%"of"R.(socialis"transcripts,"52.97%"of"R.(
sordida"transcripts"and"46.27587%"of"R."tardigrada"transcripts"are"longer"than"their"A.(ricciae"homologs.""Overlap"between"Rotaria(and"Adineta(transcriptomes"is"just"under"half:"when"BLASTN"was"used"to"search"for"homologs"to"Rotaria(transcripts"in"A.(ricciae,!18386"of"the"complete"set"of"37985"R.(magnacalcarata(transcripts"(48.4%),"19149/39937"(47.9%)"R.(socialis"transcripts,"24459/54726"(44.7%)"R.(sordida(transcripts"and"30570/68840"(44.4%)"R.(tardigrada"transcripts"returned"matches(with"an"eGvalue!≤"1eG10."Between"the"four"complete"Rotaria(transcriptomes"overlap"is"much"higher:"34803/37985"(91.6%)"R.(
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magnacalcarata,"35695/39937"(89.4%)"R.(socialis,"46822/54726"(85.6%)"R.(
sordida"and"60655/68840"(88.1%)"R.(tardigrada(transcripts"have"a"homologous"transcript"in"another"Rotaria(sample"(based"on"a"BLASTN"search"with"an"eGvalue"cutGoff"of"e"≤"1eG10).""The"likelihood"of"finding"a"homolog"in"another"Rotaria(sample"is"related"to"both"transcript"length"and"expression"level"of"the"transcript"(Fragments"Per"Kilobase"of"exon"per"Million"fragments"mapped,"FPKM)."Length"of"sequence"differs"significantly"between"transcripts"found"in"a"single"species,"two"species,"three"species"or"all"four"species"(KruskalGWallis"rank"sum"test,"chiGsquared"="25510.15,"df"="3,"pGvalue"<"2.2eG16);"the"more"common"a"sequence,"the"longer"the"average"length"(table"4.3)."FPKM"also"differs"significantly"between"transcripts"found"in"a"single"species,"two"species,"three"species"or"all"four"species"(KruskalGWallis"rank"sum"test,"chiGsquared"="17844.74,"df"="3,"pGvalue"<"2.2eG16);"the"more"common"a"sequence,"the"higher"the"average"expression"(table"4.3).""
R.(magnacalcarata(and"R.(socialis(assemblies"differ"significantly"from"R.(sordida(and"R.(tardigrada(assemblies"in"terms"of"copy"number"(p"<"0.0001)."R.(sordida(and"R.(tardigrada(samples"have"a"higher"number"of"alternative"splice"variants,"which"accounts"for"some"of"the"observed"copy"number"difference"between"samples."
!""""""""""
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Table!4.3."Transcripts"from"each"Rotaria(species"in"turn"were"used"as"queries"in"a"blastn"search"of"the"other"three"Rotaria"transcriptomes"(eGvalue"≤"1eG10)."Mean"transcript"length"and"Fragments"Per"Kilobase"of"exon"per"Million"fragments"mapped"(FPKM)"is"presented"in"relation"to"the"number"of"species"transcripts"were"identified"in.!
! Mean!transcript!length!(bp)! Mean!transcript!expression!(FPKM)!
Query! 1sp!! 2sp! 3sp! 4sp! chiT
sq!
pT
valu
e!
1sp! 2sp! 3sp! 4sp! chiT
sq!
pT
valu
e!
Mag! 408.6" 472.7" 501.3" 915.0" 5593.149" 2.2eG16" 4.236" 7.464" 8.797" 43.50" 3772.793" 2.2eG16"
Soc! 438.8" 511.3" 582.6" 950.7" 4255.887" 2.2eG16" 2.951" 6.667" 20.23" 44.41" 2628.043" 2.2eG16"
Sor! 379.5" 518.9" 596.1" 990.5" 9003.736" 2.2eG16" 4.339" 8.122" 9.948" 29.33" 6631.353" 2.2eG16"
Tar! 436.4" 513.0" 582.9" 873.0" 6612.425" 2.2eG16" 6.718" 7.540" 6.266" 23.14" 5330.614" 2.2eG16"""
Proportion&of&putative&foreign&genes&in&Rotaria&species&I"found"10.4%"of"R.(magnacalcarata((2173),"9.5%"of"R.(socialis((2092),"12.8%"of"
R.(sordida"(3815)"and"14.2%"of"R.(tardigrada"transcripts"were"potentially"foreign"in"origin,"with"an"hU"≥"30"(fig."4.1a)."These"estimates"are"likely"conservative:"making"parameters"for"inclusion"in"analysis"more"stringent"by"increasing"the"minimum"transcript"length"or"decreasing"the"required"eGvalue"of"the"best"BLASTX"hit"in"UniProtKB"both"led"to"an"increase"in"the"predicted"percentage"HGT"per"sample;"increasing"the"minimum"transcript"length"to"600bp"leaves"11.5%,"10.5%,"13.3%"and"15.4%"of"R.(magnacalcarata,(R.(socialis,(R.(sordida(and"
R.(tardigrada(transcripts"respectively"with"an"hU(≥"30,"and"decreasing"the"required"eGvalue"to"1eG30"leaves"12.2%,"11.1%,"14.5%"and"16.2%"of"transcripts"respectively"with"an"hU(≥"30."Changing"these"parameters"did"not"change"the"relationship"between"species"analysed."Likewise,"changing"the"hU(threshold"used"to"define"a"transcript"as"foreign"did"not"affect"the"relative"proportions"of"HGT"between"species;"19.8%"of"R.(magnacalcarata,"19.2%"of"R.(socialis,"33.0%"of"R.(
sordida(and"46.5%"of"R.(tardigrada(transcripts"have"an"hU(≥"1,"and"7.9%"of"R.(
magnacalcarata,"7.5%"of"R.(socialis,"13.7%"of"R.(sordida(and"15.7%"of"R.(
tardigrada(transcripts"have"an"hU(≥"50."Around"half"of"all"transcripts"were"excluded"from"analysis"based"on"failure"to"identify"these"genes"in"UniProtKB."If"these"transcripts"were"all"taxon"specific"genes,"and"contained"no"foreign"genes,"this"would"decrease"the"prediction"of"HGT"5.72%"in"R.(magnacalcarata,"5.24%"in"
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R.(socialis,"6.97%"in"R.(sordida(and"7.63%"in"R.(tardigrada,"again"not"impacting"the"relationships"between"species.""Based"on"a"phylogeny"of"both"bdelloid"and"monogonont"individuals"produced"by"concatenating"CO1"and"18S"sequences,"Tang,"CQ"(submitted)"put"the"most"recent"common"ancestor"of"Adineta"and"Rotaria"at"48.76"million"years"ago"(21.77G66.74mya,"95%"HPD)."Simply"taking"the"number"of"unique"foreign"genes"identified"in"each"transcriptomic"sample"since"the"divergence"of"Adineta(and"
Rotaria"allows"the"estimation"of"a"rate"of"HGT"per"million"years"in"each"sequenced"lineage."This"estimate"encompasses"both"gains"and"losses"of"foreign"genes"since"the"divergence"of"Adineta(and"Rotaria."A.(ricciae,"R.(magnacalcarata,(
R.(socialis,(R.(soridida(and"R.(tardigrada(have"respectively"acquired"8.8,"15.5,"15.0,"31.4"and"45.4"foreign"genes"per"million"years"(ranges"based"on"95%"HPD"for"dates:"6.4G19.7,"11.4G34.8,"11.0G33.7,"22.9G70.2,"33.2G101.7).""The"proportion"of"foreign"genes"(hU(≥(30)"per"transcriptome"differs"significantly"between"Rotaria(species"(proportion"test,"p"<"0.0001)."R.(tardigrada(has"a"significantly"higher"percentage"HGT"than"R.(sordida((proportion"test,"p"="2.138eG05),"and"the"proportion"of"foreign"genes"differs"significantly"between"all"other"species"pairs"(p"<"0.0001)"except"for"R.(magnacalcarata(and"R.(socialis."The"two"species"with"lowest"desiccation"survival,"R.(magnacalcarata(and"R.(socialis,"also"have"the"lowest"proportion"of"foreign"genes"(fig."4.1)."""
Distribution&of&foreign&genes&across&species&
a)&Foreign&genes&shared&by&A.&ricciae&and&Rotaria&species&Most"A.(ricciae(transcripts"with"hU(≥(30"(2363"of"the"2792,"84.6%)"had"a"homologous"transcript"in"at"least"one"of"the"four"Rotaria(transcriptomes,"and"1423/2181"(65.2%),"1367/2100"(65.1%),"2297/3826"(60.0%)"and"3037/5251"(57.8%)"of"R.(magnacalcarata,(R.(socialis,(R.(sordida(and"R.(tardigrada"transcripts"with"hU(≥(30"respectively"had"a"hit"in"the"A.(ricciae(transcriptome."The"difference"in"numbers"of"Rotaria(genes"with"hits"in"A.(ricciae(and"vice"versa"probably"results"from"the"fact"that"(a)"the"Rotaria(transcriptomes"were"produced"with"far"more"
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sequencing"reads"and"are"therefore"likely"to"be"more"complete,"(b)"each"A.(ricciae(transcript"was"searched"for"in"four"Rotaria(transcriptomes,"whilst"each"Rotaria(transcript"was"searched"for"in"a"single"(A.(ricciae)"transcriptome,"and"(c)"the"assembled"transcripts"in"A.(ricciae(are"shorter"than"transcripts"in"the"four"
Rotaria(samples"(fig."4.2).""
Figure!4.2.!boxplots"comparing"the"lengths"of"assembled"transcripts"in"(left"to"right)"A.(ricciae,(R.(magnacalcarata,(R.(socialis,(R.(sordida(and"R.(tardigrada(transcriptomes.!
""Calculations"based"on"direct"comparisons"between"these"five"bdelloid"transcriptomes"of"the"number"of"foreign"genes"common"to"all"five"species"are"likely"to"be"an"underestimate.!The"Rotaria"transcriptomes"are"not"a"complete"set"of"genes"for"each"species,"both"because"incomplete"sampling"is"possible,"and"because"these"genes"are"only"those"expressed"in"the"environmental"conditions"and"developmental"stages"present"in"samples"at"the"point"of"RNA"harvesting."As"such,"it"is"possible"that"genes"only"identified"in"some"transcript"sets"might"have"been"identified"in"other"species"under"different"conditions."The"overlap"of"complete"transcript"sets"gives"some"indication"of"this:"only"44.2%"of"R.(
magnacalcarata(transcripts,"42.7%"of"R.(socialis(transcripts,"37.2%"of"R.(sordida(transcripts,"37.8%"of"R.(tardigrada(transcripts"and"68.8%"of"A.(ricciae(transcripts"are"identified"in"all"five"species.""
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"Unless"there"has"been"substantial"bdelloidGtoGbdelloid"lateral"transfer"of"foreign"genes,"I"can"conclude"that"a"core"set"of"(mean"="2097,"or"min"="1367)"foreign"transcripts"was"acquired"by"a"common"ancestor"of"both"Rotaria(and"Adineta(species,"comprising"between"57.8%"and"84.6%"of"expressed"foreign"genes"(fig."4.3).""
Figure!4.3.!Maximum"likelihood"phylogeny"of"Rotaria(and"Adineta(species"included"in"analyses"based"on"the"cox1"gene,"using"the"GTR+G"model"of"nucleotide"substitution."All"clades"have"aLRT"SHGlike"branch"support"values"≥"0.86."Number"of"unique"foreign"genes"per"clade"(hU"≥"30)"is"indicated"above"branches."Mean"GC"content"per"clade"±"standard"error"is"indicated"below"branches."Branches"are"coloured"according"to"GC"content,"from"red"(low"GC"content)"to"yellow"(high"GC"content).!
"
!
b)&Foreign&genes&acquired&after&the&divergence&of&Rotaria&and&Adineta&
species&I"compared"presence/absence"of"foreign"genes"in"relation"to"the"phylogenetic"relationships"of"the"four"Rotaria(species."Fontaneto"et(al.((2007)"describe"the"relationships"between"these"species"as"((R.(magnacalcarata,"R.(socialis)(R.(
sordida,(R.(tardigrada));"on"the"basis"of"cox1"and"28S"sequences."A"maximum"likelihood"phylogeny"constructed"using"cox1"data"from"the"four"Rotaria(
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transcriptomes,"with"A.(ricciae(sequence"as"an"outGgroup,"support"this"relationship"(fig."4.3)."""616"of"the"758"R.(magnacalcarata"transcripts"with"hU"≥"30(that"do"not"have"a"homolog"in"A.(ricciae"are"present"in"at"least"one"nonGsister"Rotaria(species,"as"are"546/733"R.(socialis(transcripts,"672/1529"R.(sordida(transcripts"and"1070/2214"
R.(tardigrada(transcripts."These"transcripts"were"presumably"acquired"by"a"common"ancestor"to"the"four"Rotaria(species.""As"observed"in"the"raw"HGT"percentages,"the"Rotaria(species"experiencing"more"frequent"desiccation"have"a"higher"number"of"unique"genes."Foreign"genes"shared"by,"and"unique"to,"R.(sordida(and"R.(tardigrada((mean"="571)"are"nearly"10"times"more"abundant"than"genes"shared"by"the"sister"species"of"R.(
magnacalcarata(and"R.(socialis((mean"="58.5)."The"proportion"of"unique"foreign"genes"in"comparison"to"the"number"of"unique"total"genes"per"species"differs"significantly"between"species"(proportion"test,"p"<"0.0001);"78,"134,"355"and"504"transcripts"respectively"are"unique"to"R.(magnacalcarata,(R.(socialis,(R.(sordida(and"R.(tardigrada;"a"ratio"of"1:1.7:4.6:6.5"(fig."4.3)."""
GC&content&of&foreign&transcripts&In"all"species,"GC"content"is"highest"in"genes"only"identified"in"a"single"species,"and"decreases"as"the"number"of"species"that"share"the"gene"increase"(table"4.4);"group"GC"contents"differ"significantly"for"all"species"(analysis"of"variance,"p"≤"0.0005)."This"implies"that"unique"genes"are"genuinely"more"recently"acquired.""
Table!4.4.!Mean"GC"content"per"transcript"for"each"Rotaria(transcriptome!" All!
transcripts!
Foreign!
genes!in!all!
five!species!
Foreign!
genes!in!all!
Rotaria&
species!
Foreign!
genes!in!
sister!
species!only!
Foreign!
genes!
unique!to!
individual!
sample!
R.&
magnacalcarata&
0.331±0.001" 0.349±0.001" 0.358±0.002" 0.371±0.006" 0.389±0.007"
R.&socialis& 0.334±0.001" 0.350±0.001" 0.352±0.002" 0.375±0.007" 0.455±0.008"
R.&sordida& 0.310±0.001" 0.339±0.001" 0.348±0.003" 0.371±0.002" 0.385±0.003"
R.&tardigrada& 0.321±0.001" 0.346±0.001" 0.360±0.002" 0.376±0.002" 0.383±0.002""
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"
Transcript&overlap&taking&overlap&of&whole&transcriptome&and&variation&in&
gene&copy&number&into&account&Taking"differences"in"assemblies"into"account,"by"dividing"the"number"of"foreign"transcripts"by"the"number"of"total"transcripts"for"a"given"comparison"does"not"affect"the"overall"conclusions:"3.3"times"as"many"transcripts"are"unique"to"the"R.(
sordida(and"R.(tardigrada(sister"pair"than"to"the"R.(magnacalcarata(and(R.(socialis(sister"pair"(0.021"vs"0.0675),"and"unique"foreign"genes"in"each"species"still"increase"with"increasing"frequency"of"desiccation"(R.(magnacalcarata"="0.025,(R.(
socialis"="0.032,(R.(sordida"="0.047,(R.(tardigrada"="0.063)."Furthermore,"these"relationships"are"unaffected"by"clustering"transcript"into"groups"of"related"sequences"to"account"for"variation"in"copy"number"between"samples:"3.4"times"as"many"transcripts"are"unique"to"the"R.(sordida(and"R.(tardigrada(sister"pair"than"to"the"R.(magnacalcarata(and(R.(socialis(sister"pair"(0.0235"vs"0.0805),"and"unique"foreign"genes"in"each"species"still"increase"with"increasing"frequency"of"desiccation"(R.(magnacalcarata"="0.026,(R.(socialis"="0.032,(R.(sordida"="0.048,(R.(
tardigrada"="0.066).!""
Origin&of&foreign&genes&Of"the"complete"set"of"foreign"genes,"transcripts"of"putative"eubacterial"origin"comprise"40.7%"of"transcripts"on"average,"archaeal"sequences"are"very"rare,"on"average"comprising"1.5%"of"transcripts,"mean=19.2%"of"foreign"transcripts"most"closely"resemble"fungal"genes,"mean=10.0%"of"transcripts"most"closely"resemble"plant"genes"and"mean=28.7%"of"transcripts"most"closely"resemble"protist"genes."Species"differences"are"not"large"(R.(sordida"and"R.(tardigrada"have"a"slightly"higher"percentage"of"eubacterial"genes"and"a"slightly"lower"percentage"of"plant"genes),"with"one"notable"exception:"amongst"foreign"genes"unique"to"R.(socialis(there"are"an"unusually"high"number"of"genes"with"their"best"BLASTX"hit"in"protista"(chiGsquare"test"p"<"0.0001)"(fig."4.4)."""""
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Figure!4.4."putative"donor"kingdoms"of"Rotaria(transcripts,"based"on"the"kingdom"of"transcripts’"best"blastx"hits"(lowest"eGvalue)."Green"="eubacteria,"dark"blue"="archaea,"light"blue"="fungi,"magenta"="plants"and"yellow"="protista."A"="transcripts"present"in"Adineta(and"Rotaria(samples,"B"="transcripts"common"to"
Rotaria(species"only,"C"="transcripts"common"to"sister"species"pairs"and"D"="transcripts"unique"to"individual"species."
"The"percentage"of"unique"R.(socialis(HGT"genes"attributed"to"protists"is"59.7%,"in"comparison"with"12.8%"in"R.(magnacalcarata,"11.3%"in"R.(sordida"and"15.7%"in"
R.(tardigrada."After"MCL"clustering,"these"80"transcripts"form"72"gene"clusters"based"on"sequence"similarity,"so"the"high"number"of"protist"genes"is"not"due"to"postGacquisition"proliferation"of"a"few"horizontally"acquired"genes."A"BLASTX"search"of"transcripts"revealed"that"the"best"hit"for"69"of"the"80"transcripts"are"in"
Paramecium(tetraurelia"(26),"Tetrahymena(thermophila"(29)"and"
Ichthyophthirius(multifiliis"(14)."These"are"all"alveolates"of"class"Oligohymenophorea,"and"Tetrahymena"and"Ichthyophthirius"are"both"of"order"Hymenostomatida."This"high"number"of"alveolate"sequences"could"be"the"result"of"RNA"contamination"from"a"protist"accidentally"harvested"alongside"R.(sordida,"although"as"all"of"these"genes"are"different"enough"from"any"sequenced"protist"gene"to"have"no"BLASTN"hits"with"an"eGvalue"≤"1eG05"this"contaminating"protist"
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would"have"to"be"very"divergent"from"any"sequenced"protist."A"blastn"search"using"all"R.(socialis(genes"with"an"HGT"index">"30"identified"no"hits"with"e<1eG05"to"alveolate"ribosomal"RNA."If"the"69"putatively"alveolate"genes"were"the"result"of"contamination,"it"is"likely"that"rRNA"would"also"have"been"identified,"and"failure"to"identify"protist"rRNA"supports"the"presence"of"these"genes"in"the"R.(
socialis"genome.""
Congruence&of&phylogenies&based&on&foreign&or&metazoan&nuclear&genes&In"the"gene"tree"containing"the"four"Rotaria(species,"rooted"with"A.(ricciae(as"an"outgroup,"there"are"fifteen"possible"topologies,"which"I"labelled"1G15"(table"4.5)."Of"3133"“metazoan"orthologs”,"1790"(57.13%)"trees"were"topology"15:"R.(
magnacalcarata(and"R.(socialis(monophyletic,"and"R.(sordida(and"R.(tardigrada(monophyletic"((mag,soc),(sor,tar))."129"of"the"197"“foreign"orthologs”"gene"trees"(65.48%)"also"had"topology"15."Other"topologies"containing"R.(magnacalcarata"and"R.(socialis"or"R.(sordida"and"R.(tardigrada"as"sister"species"were"also"supported"for"a"number"of"transcripts:"topology"1"(((mag,soc),sor),tar),"topology"6"(((mag,soc),tar),sor),"topology"12"(mag,(soc,(sor,tar)))"and"topology"13"((mag,(sor,tar)),soc)"were"supported"in"14.62%"metazoan"and"14.21%"foreign,"14.94%"metazoan"and"11.68%"foreign,"6.10%"metazoan"and"4.57%"foreign,"and"6.67%"and"4.06%"foreign"orthologs"respectively."Foreign"genes"did"not"show"more"gene"trees"inconsistent"with"current"understanding"of"Rotaria(relationships"than"metazoan"genes,"and"in"fact"showed"less"overall"variation"in"topology"than"metazoan"genes"(proportion"test"comparing"the"proportion"of"gene"trees"with"topology"15"with"the"proportion"of"gene"trees"with"all"other"topologies,"p=0.026)."""""""""
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Table!4.5.!topologies"supported"by"orthologous"genes!
Topology!
number!
Topology!(newick!
format)!
metazoan!genes! foreign!genes!
number! percent! number! percent!1" (((mag,soc),sor),tar);" 458" 14.62" 28" 14.21"2" (mag,((soc,sor),tar));" 2" 0.06" 2"" 1.02"3" ((mag,(soc,sor)),tar);" 1" 0.03" 1"" 0.51"4" (((mag,sor),soc),tar);" 4" 0.13" 4"" 2.03"5" ((mag,sor),(soc,tar));" 1" 0.03" 1"" 0.51"6" (((mag,soc),tar),sor);" 468" 14.94" 23"" 11.68"7" (mag,((soc,tar),sor));" 1" 0.03" 0"" 0.00"8" ((mag,(soc,tar)),sor);" 2" 0.06" 0"" 0.00"9" (((mag,tar),sor),soc);" 2" 0.06" 0"" 0.00"10" ((mag,tar),(soc,sor));" 0" 0.00" 0"" 0.00"11" (((mag,tar),soc),sor);" 3" 0.10" 0"" 0.00"12" (mag,(soc,(sor,tar)));" 191" 6.10" 9"" 4.57"13" ((mag,(sor,tar)),soc);" 209" 6.67" 8"" 4.06"14" (((mag,sor),tar),soc);" 0" 0.00" 0"" 0.00"15" ((mag,soc),(sor,tar));" 1790" 57.13" 129"" 65.48"""
Divergence&and&selection&in&metazoan&and&foreign&orthologs&I"found"no"significant"difference"in"total"branch"length"of"gene"trees"based"on"metazoan"and"foreign"orthologs"(mean"metazoan"branch"length"="0.370±0.04,"mean"foreign"branch"length"="0.349±0.01,"tGtest"pGvalue"="0.67),"indicating"no"significant"difference"in"rate"of"divergence"between"metazoan"and"foreign"genes"in"Rotaria(species.""The"likelihood"ratio"test"was"used"to"compare"the"codonGsubstitution"models"M1a"(nearly"neutral;"ω"≤"1)"and"M2a"(positive"selection;"including"a"category"of"sites"with"ω">"1)"in"PAML."Of"the"197"foreign"orthologs,"M2a"was"a"significantly"better"fit"than"M1a"(lrt">"5.991)"in"five"orthologs"(2.5%)."Of"the"3133"nuclear"genes,"M2a"was"a"significantly"better"fit"than"M1a"(lrt>5.991)"in"65"orthologs"(2.1%)."In"pairGwise"comparisons"of"dN/dS,"foreign"genes"had"a"significantly"higher"dN/dS"than"metazoan"genes"(table"4.6),"however,"44"metazoan"orthologs"(1.4%)"and"only"a"single"foreign"ortholog"(0.51%)"had"a"dN/dS>1."
!
!
!
!
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Table!4.6.!mean"dN/dS"calculated"for"pairwise"species"comparisons"of"orthologs!
Species!comparison! mean!dN/dS!of!
metazoan!genes!
mean!dN/dS!of!
foreign!genes" pTvalue!(tTtest)!
R.(magnacalcarata(with"R.(socialis( 0.1977208"" 0.2253067" 0.02899"
R.(magnacalcarata(with"R.(sordida( 0.2244981"" 0.2726269" 2.8eG08"
R.(magnacalcarata(with"R.(
tardigrada(
0.2113110"" 0.2585371" 1.571eG07"
R.(socialis(with"R.(sordida( 0.2212946"" 0.2633127" 3.369eG07"
R.(socialis(with"R.(tardigrada( 0.2084568"" 0.2483918" 1.682eG06"
R.(sordida(with"R.(tardigrada( 0.3189883"" 0.3678664" 2.409eG05"
!""
Discussion!The"fact"that"foreign"genes"make"up"an"unusually"high"portion"of"bdelloid"transcripts"was"confirmed"here,"where"I"found"9.5G14.2%"of"transcripts"had"an"
hU(≥"30"in"the"four"Rotaria(species"examined."To"date"calculation"of"the"portion"of"foreign"genes"in"bdelloid"genomes"or"transcriptomes"have"focussed"on"species"from"a"single"genus,"Adineta,"within"the"family"Adinetidae"(Boschetti"et"al.,"2012;"Flot"et"al.,"2013;"chapter"3)."Finding"a"high"proportion"of"HGT"in"species"from"a"different"family"of"bdelloids"(Philodinidae)"demonstrates"that"massive"horizontal"gene"transfer"is"not"unique"to"Adineta"species,"with"their"presumed"frequent"cycles"of"desiccation"and"rehydration,"but"is"a"feature"of"bdelloid"rotifers"more"widely,"even"those"from"permanently"aquatic"habitats."""A"large"number"of"the"foreign"genes"expressed"by"R.(magnacalcarata,(R.(socialis,(
R.(sordida,(R.(tardigrada(and"A.(ricciae"are"common"to"both"families"Philodinidae(and"Adinetidae"(mean"="2097"or"66.6%"of"transcripts"per"species)."These"genes"are"most"parsimoniously"assumed"to"have"been"acquired"by"a"common"ancestor."The"alternative"explanation"of"substantial"rotiferGtoGrotifer"HGT"of"foreign"genes"after"the"divergence"of"bdelloid"species"is"ruled"out"because"the"gene"trees"based"on"foreign"genes"are"congruent"with"those"based"on"metazoan"genes."Also,"the"GC"content"of"shared"foreign"genes"is"much"closer"to"that"of"the"metazoan"bdelloid"transcripts"than"the"GC"content"of"speciesGspecific"foreign"genes,"implying"that"these"genes"have"been"present"in"bdelloid"genomes"for"a"longer"time."These"genes"were"therefore"acquired"before"the"divergence"of"bdelloid"families,"and"potentially"before"the"entire"bdelloid"radiation."Foreign"genes"common"to"
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Adineta(and"Rotaria(species"present"a"rare"example"of"a"large"number"of"foreign"genes"being"acquired"and"then"maintained"in"a"eukaryotic"genome"through"millions"of"years"and"multiple"speciation"events."The"acquisition"of"a"large"number"of"enzymes"with"novel"(nonGmetazoan)"functions"might"provide"them"with"metabolic"diversity"and"the"ability"to"exploit"new"resources,"potentially"mitigating"the"lack"of"genetic"novelty"arising"from"ancient"asexuality.""Alongside"the"set"of"foreign"genes"identified"as"common"to"Rotaria(and"Adineta(species,"I"have"also"identified"genes"common"to"the"genus"Rotaria,"genes"common"to"sister"species"only,"and"those"unique"to"individual"species."The"number"of"foreign"genes"in"any"bdelloid"genome"is"the"outcome"of"both"gains"and"losses"over"time,"so"the"higher"number"of"foreign"genes"in"some"species"could"conceivably"be"due"to"either"or"both"of"these"processes:"more"gains"in"some"species"or"more"losses"in"others."However,"the"average"GC"content"of"foreign"genes"becomes"more"similar"to"that"of"the"background"bdelloid"genome"the"more"species"that"gene"is"shared"by,"implying"that"genes"shared"by"fewer"species"have"been"gained"more"recently"by"these"species,"rather"than"having"been"differentially"lost"from"the"others."These"more"recently"acquired"genes"demonstrate"that"HGT"is"an"ongoing"process"in"multiple"bdelloid"species,"and"could"potentially"provide"genetic"variation"underlying"species"differences."""
Rotaria(species"with"higher"desiccation"tolerance"have"a"higher"number"of"unique"genes."In"accordance"with"the"frequency"of"desiccation"that"species"are"likely"to"encounter"in"the"wild,"R.(sordida(and"R.(tardigrada(showed"significantly"higher"survival"after"desiccation"and"rehydration"than"R.(magnacalcarata(and"R.(
socialis."The"proportion"of"foreign"genes"per"transcriptome"differs"significantly"between"Rotaria(species,"as"does"the"proportion"of"unique"foreign"genes."R.(
tardigrada(has"a"significantly"more"foreign"genes"than"R.(sordida,"and"the"proportion"of"foreign"genes"differs"significantly"between"all"other"species"pairs"except"for"R.(magnacalcarata(and"R.(socialis."Foreign"genes"shared"by,"and"unique"to,"R.(sordida(and"R.(tardigrada((mean"="571)"are"nearly"10"times"more"abundant"than"genes"shared"by"the"sister"species"of"R.(magnacalcarata(and"R.(socialis((mean"="58.5)."78,"134,"355"and"504"transcripts"respectively"are"unique"to"R.(
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magnacalcarata,(R.(socialis,(R.(sordida(and"R.(tardigrada;"a"ratio"of"1:1.7:4.6:6.5."The"relationship"between"HGT"and"desiccation"tolerance/frequency"needs"to"be"examined"in"a"much"larger"set"of"bdelloid"species,"but"the"findings"from"within"
Rotaria(provide"initial"support"for"the"hypothesis"that"horizontal"gene"transfer"occurs"during"cycles"of"desiccation"and"rehydration"in"bdelloid"rotifers"(Gladyshev"and"Arkhipova,"2010;"Gladyshev"et"al.,"2008)."This"unusual"feature"of"bdelloid"ecology"could"provide"part"of"the"explanation"for"why"bdelloid"rotifers"have"such"an"extraordinarily"high"level"of"HGT"for"metazoans.""Foreign"enzymes"could"conceivably"be"involved"in"breaking"down"of"biological"molecules"for"nutrition"or"detoxification"(all"catabolic"reactions)"or"in"the"synthesis"of"organic"molecules"(anabolic"processes)."Boschetti"et(al((2011)"identified"a"number"of"genes"upregulated"during"one"cycle"of"desiccation"and"rehydration"which"could"potentially"be"involved"in"the"reGbuilding"of"cellular"components"during"recovery"from"desiccation,"while"in"Boschetti(et(al((2013)"and"chapter"3"we"identified"a"number"of"putatively"foreign"detoxification"enzymes."It"would"be"possible"to"test"the"relative"importance"of"foreign"enzymes"in"breakdown"versus"synthesis"by"categorising"foreign"enzymes"as"catabolic"or"anabolic"based"on"GO"terms."This"would"be"an"interesting"next"step"in"this"analysis,"potentially"providing"indications"of"a"functional"basis"for"the"maintenance"of"foreign"enzymes"in"bdelloid"genomes.""My"results"also"confirm"previous"findings"that"the"foreign"genes"identified"in"bdelloids"have"been"acquired"from"multiple"different"kingdoms"(Boschetti"et"al.,"2012;"Gladyshev"et"al.,"2008),"with"the"majority"coming"from"eubacteria"followed"in"descending"order"by"protists,"fungi,"plants"and"archaea."The"high"representation"of"bacterial"genes"in"eukaryotic"HGT"is"likely"to"be"related"to"bacterial"size"and"ubiquity,"which"makes"them"more"likely"to"live"alongside,"be"food"for,"or"be"pathogens"of,"multicellular"eukaryotic"species."Bdelloids"do"have"close"relationships"with"bacteria:"in"laboratory"conditions"the"most"successful"food"for"bdelloid"rotifers"are"bacteria"and"fungi"(Ricci,"1984)."""
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Unique"genes"in"R.(socialis"show"an"overabundance"of"protist"genes,"the"majority"of"which"have"their"top"BLASTX"hit"in"a"single"protistan"class,"Oligohymenophorea."There"are"two"possible"explanations"for"this"finding:"contamination"of"extracted"RNA"by"an"alveolate"protist,"or"a"large"uptake"of"protist"genes"into"the"R.(socialis(genome"after"the"divergence"of"R.(socialis(and"R.(
magnacalcarata."As"R.(socialis(and"R.(magnacalcarata(were"sampled"from"the"same"waterlice,"any"contaminating"protist"must"be"in"a"close"relationship"with"R.(
socialis(alone,"and"as"such"is"interesting"as"a"potential"ecological"difference"between"the"sister"species."If"instead"these"genes"are"genuinely"horizontally"acquired,"they"could"be"the"result"of"a"single"uptake"of"a"large"number"of"genes"in"the"ancestor"of"the"sequenced"individual,"or"their"discovery"could"highlight"a"longGterm"association"between"R.(socialis(and"protists."R.(socialis(and"R.(
magnacalcarata(both"live"on"the"ventral"side"of"the"waterlouse:"R.(socialis(is"found"at"the"sides,"close"to"the"legs,"whilst"R.(magnacalcarata(is"distributed"towards"the"anterior"median"of"the"host"animal"(Fontaneto"and"Ambrosini,"2010)."Cook"and"Chubb"(1998)"demonstrated"that"Peritrich"species"of"protists"(class"Oligohymenophorea)"make"up"nearly"90%"of"the"epifauna"of"Asellus(
aquaticus,"and"their"SEM"analysis"showed"that"the"majority"of"these"species"are"found"to"the"periphery"and"on"the"legs"of"the"ventral"side"of"the"waterlouse."Both"species"of"bdelloid"have"very"similar"shaped"trophi,"but"they"do"differ"with"respect"to"size"(Fontaneto"et"al."2004),"also"implying"the"possibility"of"dietary"differences."Unique"foreign"genes"might"account"for"some"differences"in"morphology"and"ecology"of"these"closely"related"species.""To"be"maintained"in"the"genome"of"all"these"species"since"the"divergence"of"
Rotaria(and"Adineta(species,"the"genes"common"to"all"species"must"have"had"little"negative"fitness"impact"on"the"individuals."Presence"of"foreign"genes"in"transcriptomes"indicates"that"these"genes"are"expressed,"although"at"a"slightly"lower"level"in"comparison"to"total"transcripts"(mean"HGT"FPKM"="21.1"mean"total"FPKM"="26.3;"t"="G2.8975,"pGvalue"="0.0037)."Consistent"with"previous"findings"in"A.(ricciae((Boschetti"et(al.((2012);"chapter"3)"I"found"that"a"very"high"proportion"of"foreign"genes"in"Rotaria(are"enzymes:"of"foreign"genes"receiving"a"GO"annotation,"68.0%"of"R.(magnacalcarata,"67.2%"of"R.(socialis,"69.5%"of"R.(
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sordida(and"66.5%"of"R.(tardigrada(transcripts"had"a"corresponding"EC"number."Again"this"parallels"studies"of"HGT"in"prokaryotes"which"have"found"that"transfer"often"involves"genes"with"metabolic"functions.!"The"majority"of"foreign"and"metazoan"genes"both"support"the"same"phylogeny"for"these"four"species,"and"foreign"genes"show"less"variation"than"native"ones"in"the"topology"that"they"support."If"selection"is"relaxed"on"horizontally"acquired"genes,"and"they"are"evolving"more"neutrally,"they"should"reflect"the"true"topology"of"these"species"better"than"native"genes"where"true"relationships"are"obscured"by"selection."Foreign"and"native"genes"do"not"differ"significantly"in"rate"of"change"in"the"different"species,"although"foreign"genes"have"a"slightly"higher"average"divergence."When"comparing"genes"using"M1a"and"M1b"model"comparisons"to"detect"selection,"a"similar"fraction"of"foreign"and"native"genes"are"indicated"where"selection"is"supported."However,"when"looking"at"pairwise"species"comparisons,"mean"dN/dS"per"transcript"is"significantly"higher"amongst"foreign"genes,"but"the"number"of"genes"with"dN/dS>1"is"far"smaller."Taken"together"this"might"imply"relaxed"selection"acting"on"horizontally"acquired"genes."This"could"be"a"reflection"of"relaxed"selection"on"“unGnecessary”"or"redundant"genes,"it"could"reflect"historical"rapid"selection"followed"by"stasis,"or"the"higher"dN/dS"ratio"could"be"the"result"of"inflated"dS"caused"by"amelioration.!
!I"have"shown"that"a"very"large"portion"of"the"horizontally"acquired"genes"identified"in"bdelloid"rotifers"are"likely"to"have"been"inherited"from"the"common"ancestor"of"all"bdelloid"species,"but"that"a"significant"subset"of"foreign"genes"have"been"acquired"more"recently"and"are"unique"to"specific"lineages."Whilst"genes"acquired"in"a"common"ancestor"will"have"had"no"role"in"providing"genetic"novelty"for"bdelloid"species,"genes"acquired"postGdivergence"of"bdelloid"taxa"may"have"a"role"in"species"differences."Sequencing"the"genomes"of"Rotaria(species"would"allow"for"the"examination"of"rates"of"gene"gain"and"loss"with"more"certainty,"and"would"provide"further"insights"into"distinguishing"between"the"roles"of"asexuality"and"desiccating"in"shaping"bdelloids’"unusual"genomes."!
!
!
!
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Chapter!5:!The!distribution!of!horizontally!acquired!
genes!across!three!of!the!four!bdelloid!families!""
Introduction!
!Since"the"initial"discovery"of"the"presence"of"foreign"genes"in"Adineta(vaga"(Gladyshev"et"al.,"2008)"our"understanding"of"the"extent"of"horizontal"gene"transfer"(HGT)"in"bdelloid"rotifers"has"greatly"increased."Boschetti"et(al."(2011)"demonstrated"how"the"expression"of"foreign"genes"is"upregulated"during"the"desiccation"response"of"A.(ricciae."An"assessment"of"the"number"of"horizontally"acquired"genes"in"A.(ricciae"showed"that"in"this"species"~10%"of"their"transcribed"genes"were"of"alien"derivation"(chapter"3,"Boschetti"et"al.,"2012)."In"chapter"4!I"have"demonstrated"that"more"than"10%"of"transcripts"in"four"species"of"the"genus"Rotaria"are"also"of"putative"foreign"origin,"confirming"the"abundance"of"HGT"as"a"feature"of"bdelloid"rotifers"more"broadly."This"figure"of"~10%"HGT"has"been"confirmed"at"the"genome"level"(Flot"et"al.,"2013),"where"they"identified"8%"of"predicted"coding"sequences"in"the"A.(vaga(genome"to"be"horizontally"acquired."Based"on"phylogenetic"comparisons,"the"majority"of"foreign"genes"(over"65%)"appear"to"have"been"acquired"before"the"divergence"of"extant"bdelloid"species"(chapter"4),"although"it"does"appear"that"HGT"is"also"ongoing;"some"genes"appear"to"be"more"recent"acquisitions,"with"narrower"distributions"and"with"less"evidence"of"amelioration"(chapter"4).""Work"to"date"has"involved"a"detailed"and"thorough"examination"of"the"extent"and"nature"of"HGT"in"a"small"number"of"bdelloid"species"(A.(ricciae,(A.(vaga,(R.(
magnacalcarata,(R.(socialis,(R.(sordida(and"R.(tardigrada)."One"limitation"of"this"methodology"is"that"ancestry"of"these"transcripts"is"inferred"from"presence"in"only"two"genera"of"bdelloids"(Adineta"and"Rotaria)"from"two"of"the"four"bdelloid"families"(Adinetidae(and"Philodinidae)."As"such,"there"is"always"an"alternative"explanation"for"the"presence"of"the"same"foreign"gene"in"the"two"genera"
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examined:"independent"uptake"into"the"two"genera"examined,"either"from"a"similar"donor"species,"or"through"rotiferGtoGrotifer"transfer.""An"alternative"way"to"investigate"the"pattern"of"acquisition"of"alien"genes"is"to"examine"their"distribution"across"a"wider"range"of"bdelloid"species."This"will"allow"me"to"test"the"assumption"that"foreign"genes"identified"in"two"genera"were"acquired"in"the"common"ancestor"of"extant"bdelloid"species,"and"that"genes"identified"only"in"individual"bdelloid"transcriptomes"are"the"result"of"more"recent"acquisitions."The"presence"of"the"same"horizontally"acquired"genes"in"many"different"bdelloid"species,"and"across"multiple"bdelloid"families,"will"demonstrate"an"ancient"origin"of"these"genes,"before"the"divergence"of"the"bdelloid"species."If"these"genes"can"be"shown"to"be"monophyletic,"and"if"they"also"share"integration"locations,"they"can"be"considered"homologous"and"a"single"origin"supported."Conversely,"if"foreign"genes"unique"to"one"of"the"six"previously"surveyed"species"are"not"identified"in"any"other"bdelloid"species,"this"will"provide"support"for"the"hypothesis"that"these"genes"were"acquired"after"bdelloid"divergence"and"that"HGT"is"an"ongoing"process"in"bdelloid"rotifers.""Some"foreign"genes"identified"in"A.(ricciae((Boschetti"et"al.,"2012)"provide"novel"metabolic"functions"otherwise"unknown"in"animals"(e.g."synthesis"of"the"powerful"protozoan"antioxidant"trypanothione),"allow"for"improved"utilization"of"resources"(e.g."cellulose"and"polygalacturonate"breakdown),"or"provide"protection"against"environmental"fluctuations"(e.g."genes"involved"in"desiccation"tolerance)."The"implication"of"many"alien"genes"in"novel"metabolic"and"biosynthetic"pathways,"which"could"potentially"allow"them"to"exploit"resources"not"normally"available"to"metazoans,"as"well"as"to"produce"antioxidants,"which"are"thought"to"be"important"in"preventing"oxidation"of"proteins"in"bdelloids’"dry"state"(Krisko"et"al.,"2012),"suggests"an"adaptive"role"for"many"of"these"acquired"genes."It"will"be"of"interest"to"see"how"foreign"genes"have"been"utilized"and"maintained"(or"not)"across"a"range"of"bdelloid"species"with"a"range"of"ecologies.""The"impact"that"foreign"genes"have"had"upon"bdelloid"evolution,"however,"is"dependent"on"how"frequently"horizontal"gene"transfer"occurs."Foreign"genes"
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cannot"be"considered"to"provide"species"with"a"source"of"genetic"novelty"if"they"were"acquired"once"before"the"divergence"of"extant"bdelloid"species."However,"if"as"is"suggested"in!chapter"4"their"acquisition"is"ongoing,"the"potential"role"for"foreign"genes"as"a"“substitute"for"sex”"would"appear"more"plausible.""Here"I"have"selected"four"genes"identified"originally"in"the"nearGtelomeric"regions"of"A.(vaga"(Gladyshev"et"al.,"2008),"and"have"looked"for"the"presence"of"these"same"genes"across"a"wide"range"of"bdelloid"species,"with"representatives"from"three"of"the"four"bdelloid"families,"and"from"a"wide"range"of"geographic"locations."The"confirmation"of"the"presence"of"genes"identified"as"ancestrally"acquired"in"chapter"4!(as"opposed"to"gained"repeatedly"in"different"bdelloid"lineages,"or"transferred"between"distantly"related"rotifers)"in"this"small"number"of"genes"provides"support"for"the"broader"findings"of"the"previous"chapter."The"maintenance"of"these"genes"across"a"large"number"of"bdelloid"species"confirms"my"previous"findings"that"horizontal"acquisition"of"genes"in"bdelloids"may"be"a"rare"occurrence,"but"that"these"genes"can"provide"such"broad"functional"benefits"as"to"be"conserved"over"tens"of"millions"of"years."Furthermore,"the"restriction"of"one"gene"to"one"subGclade"of"bdelloids"supports"the"idea"that"some"HGT"is"ongoing,"and"makes"the"likelihood"that"absence"of"these"genes"in"other"transcriptomes"was"not"just"due"to"differences"in"expression,"or"incomplete"sampling,"but"also"an"indicator"of"absence"of"some"genes.""""
Materials!and!Methods!"
Selection&of&candidate&genes&The"subset"of"genes"from"(Gladyshev"et"al.,"2008)"with"AI">"45"were"identified,"and"these"genes"were"used"to"query"the"A.(ricciae(transcriptome"using"BLASTN"(Zhang"et"al.,"2000)."Eight"of"these"genes"returned"hits"in"the"A.(ricciae"transcriptome"with"an"eGvalue"≤"1eG05,"four"with"“high"coverage"alignments”"where"40G80%"of"the"A.(vaga(query"sequence"was"covered"by"A.(ricciae(transcripts"(table"5.1).!These"four"“high"coverage”"genes"were"selected"as"good"
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candidates"for"further"investigation"in"a"broader"range"of"bdelloid"species."Of"these"genes,"two"are"present"in"all"four"Rotaria(transcriptomes"(chapter"4),"one"is"present"in"R.(sordida(and"R.(tardigrada(transcriptomes"only,"and"one"is"absent"from"all"Rotaria(transcriptomes."Here"these"four"genes"will"be"identified"by"the"names"given"to"the"A.(vaga(copies"in"Gladyshev"et(al.((2008):"AV10092,"AV10109,"AV10134"and"AV10027.""
Table!5.1.!A.(ricciae(transcripts"aligning"with">40%"coverage"to"putative"horizontally"acquired"genes"identified"in"A.(vaga(in"Gladyshev"et(al.((2008)"with"an"Alien"Index"≥"45.!
A.&vaga!gene!name! A.&ricciae&
transcript!
name!
Length!of!
match!
(bp)!
A.&vaga!gene!
alignment!
A.&ricciae&
transcript!
alignment!" "" "" Start!
base!
End!
base!
Start!
base!
End!
base!AV10109;"gb|EU643480.1|" contig6151" 585" 178" 759" 37" 617"AV10027;"gb|EU643475.1|"""""
contig25405" 416" 956" 1371" 21" 436"contig44832" 345" 305" 649" 409" 65"contig3074" 232" 737" 968" 1" 232"AV10134;"gb|EU643488.1|"""""
contig20134" 377" 1195" 1568" 519" 143"contig60041" 306" 700" 1005" 2" 307"contig60557" 102" 348" 449" 1" 102"AV10092;"gb|EU643479.1|"""""
contig3549" 466" 1563" 2028" 717" 261"contig11661" 345" 514" 858" 13" 357"contig4195" 107" 886" 992" 507" 401""Candidate"genes"were"annotated"with"Gene"Ontology"(GO)"categories"using"Blast2GO"(v2.6.6)"(Conesa"et"al.,"2005),"and"GO"categories"were"linked"to"Enzyme"Commission"(EC)"numbers"using"the"EC2GO"database"(last"modified"10GOctG2013,"(Hill"et"al.,"2001)).""
Study&species,&DNA&extraction,&PCR&and&sequence&processing&Individuals"were"sampled"from"a"wide"spread"of"geographic"locations,"and"to"include"several"species"from"within"the"genera"Adinetidae,"Philodinavidae"and"Habrotrochidae"(supplementary"file"S1,"appendix"III)"DNA"was"extracted"from"wildGcaught"individuals"using"Chelex"InstaGene"Matrix"(BioGRad)"following"the"manufacturers’"instructions."""
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Primers"were"designed"to"regions"as"conserved"as"possible"between"Adineta(
vaga(and"Adineta(ricciae(sequences"(whilst"taking"Tm,"GC"content,"dimerisation"and"hairpins"into"account),"and"include"degeneracy"at"variable"sites"(table"5.2)."PCR"amplification"was"performed"using"2µl"template"DNA"and"Illustra"PuReGTaq"ReadyGToGGo"PCR"beads."PCR"conditions"were"generally"as"described"(table"5.3),"but"for"some"samples"modifications"were"made"to"magnesium"concentration"or"annealing"temperature."Amplicons"were"sequenced"using"the"BigDye"Terminator"v3.1"Cycle"Sequencing"Kit"(Applied"Biosystems)"and"an"ABI"3130"Genetic"Analyzer"(Applied"Biosystems)."Sequence"data"will"be"available"in"GenBank"upon"publication."Chromatograms"were"checked"by"eye,"and"then"sequences"were"aligned"using"the"ClustalW"plugGin"in"Geneious"(pro"5.1.7)."Sequences"were"translated"in"Geneious,"and"examined"for"stop"codons.""
Table!5.2.!primers"for"amplification"of"the"four"candidate"genes!
Gene!ID! Primers! Length! %!gene!
amplified!AV10092"" AV10092.1_F:"TGCAACGGYCWTKCGGCTAA"AV10092.1_R:"TCGGYTCGTTCGGYGTACCA"" 340bp" 15.40"AV10109" AV10109.1_F:"ACGGGACGACGAAAACAAAAACTTG"AV10109.1_R:"TYGGTRTTGCTKCTKKCCACAT"" 503bp" 66.45"AV10134" AV10134.1_F:"CGCSGCRCACCAAATGCCRC"AV10134.1_R:"GCGCACGACTYCCRGGTCTY"" 395bp" 23.94"AV10027" AV10027.1_F:"AGCAGCAGGTGCATTTGAGCC"AV10027.1_R:"TCGTTCAGGTGCTGATCCCGC" 157bp"" 9.10"""
Table!5.3."PCR"conditions"for"amplification"of"the"four"candidate"genes"
Gene!ID! Cycling!conditions!AV10092"" Initial"denaturation:"95°C,"5min."35"cycles"of:"95°C"for"30"seconds,"53°C"for"45"seconds,"72°C"for"20"seconds."Final"elongation:"72°C"for"5min."AV10109" Initial"denaturation:"95°C,"5min."30"cycles"of:"95°C"for"30"seconds,"55°C"for"45"seconds,"72°C"for"30"seconds."Final"elongation:"72°C"for"5min."AV10134" Initial"denaturation:"95°C,"5min."32"cycles"of:"95°C"for"30"seconds,"57°C"for"45"seconds,"72°C"for"25"seconds."Final"elongation:"72°C"for"5min."AV10027" Initial"denaturation:"95°C,"5min."35"cycles"of:"95°C"for"30"seconds,"53°C"for"45"seconds,"72°C"for"15"seconds."Final"elongation:"72°C"for"5min."
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"For"the"gene"AV10109,"where"multiple"copies"were"observed"in"the"original"A.(
vaga(fosmid"library"of"Gladyshev"et"al."(2008),"amplification"of"the"correct"copy"was"verified"by"including"all"copies"in"an"alignment"and"ensuring"that"in"a"maximum"likelihood"tree"the"target"copy"grouped"monophyletically"with"the"amplified"sequences.""
Testing&the&single&acquisition&of&candidate&genes&within&bdelloid&species&In"order"to"confirm"the"homology"of"each"of"the"horizontally"acquired"genes"in"bdelloid"rotifers,"and"thus"the"single"acquisition"event"of"each"gene,"all"sequenced"copies"of"AV10092,"AV10109"and"AV10027"were"integrated"into"the"phylogenies"generated"in"Gladyshev"et"al.,"(2008),"and"all"sequenced"copies"of"AV10134"were"aligned"to"the"top"five"BLASTX"hits"(e"≤"1eG05)"in"eubacteria,"archaea,"plants,"fungi,"protists"and"metazoa."Because"sequence"divergence"was"so"great"at"the"nucleotide"level"in"three"of"the"four"genes"(AV10092,"AV10109"and"AV10134),"these"genes"were"first"translated"in"Geneious"(pro"5.1.7)"(Drummond"et"al.,"2010),"and"aligned"to"amino"acid"sequences"from"other"organisms."The"fourth"gene,"AV10027,"retains"enough"similarity"to"bacterial"sequences"at"the"nucleotide"level"for"a"nucleotide"tree"to"be"built.""For"the"three"amino"acid"trees,"translated"bdelloid"sequences"were"aligned"to"the"amino"acid"sequences"used"in"the"Gladyshev"analysis"where"available"(supplementary"file"S2,"appendix"III)"or"to"the"amino"acid"sequences"of"the"top"five"BLASTX"hits"identified"in"eubacteria,"archaea,"plants,"fungi,"protists"and"metazoa"in"the"case"of"AV10134"(supplementary"file"S2,"appendix"III)"using"the"BLOSUM"matrix"(Henikoff"and"Henikoff,"1992)!in"Geneious"(pro"5.1.7)."The"best"fitting"model"of"amino"acid"substitution"was"selected"with"ProtTest"(Abascal"et"al.,"2005)"using"the"Akaike"Information"Criterion"(table"5.4).!Trees"were"constructed"using"maximum"likelihood"implemented"in"PHYML"2.4.5"(Guindon"et"al.,"2005),"from"the"translated"amino"acid"alignment."Statistical"support"was"assessed"using"aLRT"nonGparametric"branch"support"(Hordijk"and"Gascuel,"2005).""
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Table!5.4.!models"of"evolution"used"to"build"phylogenies"of"candidate"genes"containing"both"bdelloid"and"outGgroup"sequences!
Alignment! Model!AV10092" WAG+I+G"AV10134" WAG+I+G"AV10109" LG+I+G"AV10027" K80+G""For"the"nucleotide"tree"of"AV10027,"sequences"were"aligned"to"the"nucleotide"sequences"used"in"the"Gladyshev"analysis"(supplementary"file"S2,"appendix"III)"in"Geneious"(pro"5.1.7)."JmodelTest"(Posada"and"Crandall,"1998)"selected"the"K80"(Kimura)"model"(Kimura,"1980)"with"gammaGdistributed"rate"variation"(K80+G)"as"the"most"likely"substitution"model"using"the"Akaike"Information"Criterion."The"gene"tree"was"constructed"using"maximum"likelihood"implemented"in"PHYML"2.4.5."Statistical"support"was"assessed"using"aLRT"nonGparametric"branch"support."Monophyly"of"the"bdelloid"copies"was"taken"as"support"for"a"single"origin"of"a"gene.""
Expression&of&candidate&genes&To"determine"whether"expression"is"maintained"in"distantly"related"species,"the"
A.(vaga(sequence"of"each"candidate"gene"was"used"to"query"the"R.(
magnacalcarata,(R.(socialis,(R.(sordida(and(R.(tardigrada(transcriptomes"described"in"detail"in"chapter"4"using"BLASTN.""
Copy&number&of&candidate&genes&Where"multiple"peaks"were"visible"in"sequencing"chromatograms,"the"presence"of"more"than"one"copy"was"inferred."Where"possible,"multiple"copies"were"identified"in"Rotaria(and"Adineta(transcriptomes"using"BLASTN,"and"the"number"of"copies"expressed"in"these"samples"was"recorded."""""""""
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Results!
&
Functional&annotation&of&candidate&genes&Using"Blast2GO,"AV10109"received"an"annotation"of"“shortGchain"dehydrogenase”,"AV10027"was"annotated"as"an"“endoGbetaGxylanase”,"AV10092"was"annotated"as"“betaGgalactosidase"6”"and"AV10134"received"an"annotation"of"“FADGbinding"monooxygenase”."These"are"consistent"with"annotations"given"to"these"genes"in"Gladyshev"et"al."(2008)."All"four"of"the"candidate"genes"have"associated"enzyme"activity,"and"GO"and"EC"terms"annotated"to"these"genes"are"recorded"in"table"5.5.""
Table!5.5.!gene"ontology"(GO)"categories"and"enzyme"commission"(EC)"numbers"associated"with"the"four"candidate"genes"
Gene! Annotated!function! GO!categories! EC!numbers!AV10092" betaGgalactosidase"6! GO:0009987"GO:0005488"GO:0004565"GO:0044699"GO:0005975"GO:0005576"GO:0044464!
EC:"3.2.1.23"
AV10109" shortGchain"dehydrogenase! GO:0055114"GO:0004316! EC:1.1.1.100"AV10027" endoGbetaGxylanase! GO:0004553"GO:0045493"GO:0007155! EC:3.2.1.0"AV10134" FADGbinding"monooxygenase! GO:0018666"GO:0055114! EC:1.14.13.20"
&
&
Distribution&of&candidate&genes&amongst&bdelloid&species&PCR"was"used"to"identify"presence"of"each"candidate"gene"in"genomic"DNA"samples."Amplicons"of"the"correct"size"were"then"sequenced"to"confirm"amplification"of"the"correct"gene"by"sequence"identity"(fig."5.1)."AV10027"was"amplified"in"13/18"(72.2%)"species"and"successfully"sequenced"in"11"of"these"species,"AV10092"was"amplified"in"17/18"species"(94.4%)"species"and"successfully"sequenced"in"14"of"these,"AV10109"was"amplified"in"7/18"(38.9%)"
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species"and"successfully"sequenced"in"all"of"these,"and"AV10134"was"amplified"in"6/18"(33.3%)"species"and"successfully"sequenced"in"five"of"these"species."Presence"of"AV10092"was"confirmed"in"species"from"all"three"families"examined"here,"presence"of"AV10109"and"AV10027"was"confirmed"in"species"from"two"of"the"three"families,"and"AV10134"was"only"identified"in"a"single"family."No"stop"codons"were"identified"in"amplified"sequences,"even"in"AV10109,"where"a"stop"codon"was"identified"in"the"published"sequence"(Gladyshev"et"al.,"2008)."
!
Figure!5.1.!presence"of"candidate"genes"AV10027,"AV10092,"AV10109"and"AV10134"determined"by"(a)"presence"of"PCR"product"only"(red)"or"(b)"successfully"sequenced"PCR"product"(green).!
Family Species AV10027 AV10092 AV10109 AV10134 
Adinetidae Adineta barbata     
 Adineta cuneata     
 Adineta gracilis     
 Adineta ricciae     
 Adineta steineri     
 Adineta tuberculosa     
 Adineta vaga     
      
Philodinidae Dissotrocha aculeata     
 Philodina megalatrocha     
 Philodina citrina     
 Rotaria mento     
 Rotaria rotatoria     
 Rotaria magnacalcarata      
 Rotaria socialis      
 Rotaria sordida     
 Rotaria tardigrada     
      
Habrotrochidae Habrotrocha ligula     
!
!
Testing&the&single&acquisition&of&candidate&genes&within&bdelloid&species&The"maximum"likelihood"tree"of"AV10092.1"supports"the"single"origin"of"this"betaGgalactosidase"gene"in"bdelloid"rotifers"(fig."5.2);"bdelloid"AV10092.1"forms"a"single"highly"supported"(aLRT=1)"monophyletic"clade,"which"forms"a"sister"group"to"the"plant"sequences"(aLRT=0.995)."Furthermore,"the"topology"of"the"tree"is"unchanged"from"that"of"the"gene"tree"constructed"by"Gladyshev"et"al."(2008),"despite"the"addition"of"more"bdelloid"sequences."The"maximum"
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likelihood"tree"of"AV10027.1"supports"the"single"origin"of"this"xylosidase"gene"in"bdelloid"rotifers"(fig."5.3);"bdelloid"AV10027.1"forms"a"single"highly"supported"(aLRT=1)"monophyletic"clade,"which"is"nested"within"sequences"from"the"genus"
Bacterioides."The"maximum"likelihood"tree"of"AV10109.1"supports"the"single"origin"of"this"gene"in"bdelloid"rotifers"(fig."5.4);"bdelloid"AV10109.1"forms"a"highly"supported"(aLRT=0.92)"monophyletic"group"within"a"bacterial"clade."Multiple"copies"of"the"AV10109"gene"were"identified"in"A.(vaga."The"AV10109.1"sequences"amplified"here"most"closely"resemble"the"copy"found"on"the"TelL"contig"in"A.(vaga;(the"A.(vaga"TelL"sequence"falls"within"the"AV10109.1"clade,"with"A.(vaga"212.1"and"A.(vaga"212.2"copies"sister"to"this"group."The"maximum"likelihood"tree"of"AV10134.1"supports"the"single"origin"of"this"gene"in"bdelloid"rotifers"(fig."5.5);"bdelloid"AV10134.1"forms"a"single"highly"supported"(aLRT=0.84)"monophyletic"clade,"which"is"sister"to"a"clade"of"fungal"and"bacterial"sequences"(aLRT=0.74).""
Figure!5.2.!Maximum"likelihood"gene"tree"of"the"translated"amino"acid"sequence"of"AV10092"in"bdelloid"samples"and"outGgroups,"WAG+I+G"model"of"protein"evolution."Support"values"(aLRT)"above"0.5"displayed.!
!
!
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!
Figure!5.3."Maximum"likelihood"gene"tree"of"the"nucleotide"sequence"of"AV10027"in"bdelloid"samples"and"outgroups,"K80+G"model"of"nucleotide"substitution."Support"values"(aLRT)"above"0.5"displayed."
!
!
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Figure!5.4.!Maximum"likelihood"gene"tree"of"the"translated"amino"acid"sequence"of"AV10109"in"bdelloid"samples"and"outgroups,"LG+I+G"model"of"protein"evolution."Support"values"(aLRT)"above"0.5"displayed.!
!
!
!
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Figure!5.5.!Maximum"likelihood"gene"tree"of"the"translated"amino"acid"sequence"of"AV10134"in"bdelloid"samples"and"outgroups,"WAG+I+G"model"of"protein"evolution."Support"values"(aLRT)"above"0.5"displayed.!
!
!
Confirming&the&foreign&origin&of&AV10092.1&Genes"encoding"betaGgalacotosidase"do"exist"in"metazoans,"and"a"search"of"GenBank"revealed"a"transcript"coding"for"betaGgalactosidase"in"the"monogonont"rotifer"Brachionus(plicatilis((gi|259479143)."To"confirm"that"the"bdelloid"copy"of"betaGgalactosidase"(AV10092)"that"I"am"examining"is"not"homologous"to"this"metazoan"betaGgalactosidase"(and"therefore"to"confirm"that"the"bdelloid"betaGgalactosidase"is"not"metazoan"in"origin),"ideally"I"should"add"the"monogonont"betaGgalactosidase"to"the"alignment."As"different"regions"of"the"gene"have"been"amplified"in"the"monogonont"and"bdelloid"samples,"instead"similar"sequences"to"
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the"B.(plicatilis(betaGgalactosidase"sequence"were"searched"for"using"BLASTX"(supplementary"file"S2,"appendix"III),"and"a"maximum"likelihood"phylogeny"was"constructed"using"these"hits"and"the"WAG+I+G"model"of"protein"evolution."This"clearly"shows"B.(plicatilis"betaGgalactosidase"to"be"metazoan"in"origin"(fig."5.6),"grouping"monophyletically"with"metazoan"sequences"(aLRT=0.98)."
&
Figure!5.6.!Maximum"likelihood"gene"tree"of"the"translated"amino"acid"sequence"of"metazoan"betaGgalactosidase"in"B.(plicatilis(and"other"samples,"WAG+I+G"model"of"protein"evolution."Support"values"(aLRT)"above"0.5"displayed."
&
&
&
&
&
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Expression&of&candidate&genes&Homologs"of"AV10092,"AV10109"and"AV10027"were"identified"in"at"least"one"of"the"four"sequenced"Rotaria(transcriptomes"and"are"therefore"transcribed"to"mRNA"in"Rotaria(species."No"sequences"homologous"to"AV10134"were"identified"in"any"of"the"four"Rotaria(transcriptomes.""
Copy&number&variation&of&candidate&genes&in&Rotaria&species&In"the"paper"where"candidate"genes"were"initially"identified"(Gladyshev"2008),"a"single"gene"encoding"AV10134"was"found"on"A.(vaga(contig"161F07,"accession"number"EU643488."Two"copies"of"AV10027"were"found"on"A.(vaga(contigs"Av212_A"and"Av212_B,"accession"numbers"EU643475"and"EU643476"respectively,"with"99%"identity"across"the"whole"gene,"and"100%"identity"across"the"region"amplified"in"this"chapter."Two"copies"of"AV10092"were"found"on"A.(
vaga"contigs"Av_TEL_L_A"and"AV_TEL_L_B,"accession"numbers"EU643479"and"EU643480"respectively,"with"96.8%"identity"across"the"whole"gene,"and!differing"at"4bp"along"the"stretch"amplified"here."AV10109"was"identified"in"five"copies"on"
A.(vaga(contigs"AV212_A"(copy1"and"copy2),"AV212_B"(copy1"and"copy2)"and"Av_TEL_L_B,"accession"numbers"EU643475,"EU643476"and"EU643480"respectively."Multiple"peaks"in"the"chromatograms"of"some"samples"indicated"the"presence"of"more"than"one"copy"of"AV10092"and"AV10109"in"other"bdelloid"species,"but"the"number"of"copies"could"not"be"elucidated"from"Sanger"sequences."Copy"number"variation"of"the"three"candidate"genes"present"in"
Rotaria(transcriptomes"(AV10092,"AV10109"and"AV10027)"could"be"established"for"R.(magnacalcarata,(R.(socialis,(R.(sordida(and"R.(tardigrada,"based"on"transcript"level"variation"(table"5.6),"and"copy"numbers"for"each"gene"in"each"
Rotaria(species(are"displayed"in"figure"5.7."More"copies"of"genes"are"present"in"R.(
sordida(and"R.(tardigrada(transcript"sets,"and"AV10092"has"the"most"copies"with"at"least"eight"copies"in"both"R.(sordida(and"R.(tardigrada.!"""
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Table!5.6.!Details"of"Rotaria(transcripts"corresponding"to"candidate"genes"AV10027,"AV10092"and"AV10109.!
Gene! Species! Transcript! Length! Expression! Copy!
ID!AV10027" Sor" sor_comp22980_c0_seq1! 426" 2.19" 1"
! ! sor_comp22980_c1_seq1! 326" 1.36" 1"
! ! sor_comp22980_c2_seq1! 218" 0" 1"
! ! sor_comp862155_c0_seq1! 325" 0.34" 1"
! Tar" tar_comp4389_c0_seq1! 320" 2.04" 1"
! ! tar_comp2790_c0_seq1! 232" 0.39" 1"AV10092" Mag" mag_comp18511_c0_seq1! 1211" 2.46" 1"
! ! mag_comp264314_c0_seq1! 655" 1.94" 1"
! ! mag_comp556164_c0_seq1! 541" 2.72" 1"
! Soc" soc_comp23815_c0_seq1! 514" 1.91" 1"
! ! soc_comp982572_c0_seq1! 204" 1.52" 1"
! Sor" sor_comp42967_c0_seq1! 2366" 14.07" 1"
! ! sor_comp42967_c0_seq2! 2394" 7.74" 1"
! ! sor_comp42967_c0_seqs3" 912" 3.9" 1"
! ! sor_comp42967_c0_seqs4" 2629" 1.46" 1"
! ! sor_comp42967_c0_seqs5" 2447" 0" 1"
! ! sor_comp25721_c0_seq1" 445" 0" 2"
! ! sor_comp25721_c0_seq2" 483" 0" 2"
! ! sor_comp25721_c0_seq3" 501" 2.61" 2"
! ! sor_comp25721_c0_seq4" 539" 0" 2"
! ! sor_comp357733_c0_seq1" 323" 0.34" 2"
! ! sor_comp281101_c0_seq1" 338" 0" 1"
! Tar" tar_comp68467_c0_seq1" 1863" 3.29" 1"
! ! tar_comp68467_c0_seq2" 2488" 9.39" 1"
! ! tar_comp588972_c0_seq1" 405" 0.57" 2"
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Figure!5.7.!summary"of"copy"number"variation"identified"for"AV10109"(blue),"AV10092"(red)"and"AV10027"(green)"in"Rotaria(transcriptomes.!
""AV10027"was"identified"in"a"single"copy"in"R.(sordida"and"R.(tardigrada"samples."In"R.(sordida(four"transcripts"align"across"the"whole"length"of"AV10027."In"R.(
tardigrada(two"transcripts"align"across"the"whole"length"of"AV10027."The"two"copies"of"AV10027"identified"in"A.(vaga(had"99%"identity"across"the"whole"gene,"so"the"single"copy"observed"in"the"transcriptomes"of"R.(sordida(and"R.(tardigrada(might"in"fact"represent"two"very"similar"sequences."Alternatively,"only"one"of"the"two"copies"is"expressed"in"Rotaria,"or"the"gene"is"present"as"a"single"copy"in"
Rotaria,"and"has"undergone"gene"duplication"in"A.(vaga"or"gene"loss"in"Rotaria(species.""
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AV10092"was"identified"in"a"single"copy"in!R.(magnacalcarata(and"R.(socialis,"and"appears"to"be"expressed"as"two"distinct"copies"in"R.(sordida(and"R.(tardigrada(samples."Three"transcripts"with"a"match"to"AV10092"were"present"in"R.(
magnacalcarata"spanning"the"length"of"the"complete"AV10092"gene,"two"transcripts"with"a"match"to"AV10092"were"present"in"R.(socialis."Five"transcripts"with"a"match"to"AV10092"were"present"in"R.(sordida;"manual"inspection"of"these"copies"reveals"that"they"represent"two"distinct"gene"copies."Three"transcripts"with"a"match"to"AV10092"were"present"in"R.(tardigrada;"manual"inspection"of"these"copies"reveals"that"they"represent"two"distinct"gene"copies."Not"all"copies"are"present"as"fullGlength"transcripts"in"all"Rotaria(samples,"but"aligning"available"
Rotaria(transcripts"with"the"first"341"bp"of"the"AV10092"gene"in"A.(vaga"and"building"a"maximum"likelihood"phylogeny"of"this"(fig."5.8)"demonstrates"that"
Rotaria(copies"are"more"similar"to"each"other"than"to"A.(vaga(copies,"but"that"the"two"Rotaria(copies"are"far"more"divergent"than"the"copies"in"A.(vaga.""
Figure!5.8."Maximum"likelihood"gene"tree"(GTR+I+G)"of"bases"1G341"of"AV10092"alignment"of"A.(vaga(copies"and"corresponding"Rotaria(transcripts."Support"values"(aLRT)"above"0.5"displayed.!
""
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"In"accordance"with"the"multiple"peaks"identified"in"chromatograms"of"AV10109"in"some"species,"and"with"the"presence"of"five"copies"of"AV10109"in"A.(vaga,"multiple"sequence"variants"were"identified"in"R.(magnacalcarata,"R.(sordida(and"
R.(tardigrada(transcriptomes."A"single"copy"of"AV10109"was"identified"in"R.(
socialis."In"R.(magnacalcarata,"three"distinct"copies"were"identifiable"in"three"transcripts."In"R.(sordida"and"R.(tardigrada"multiple"transcripts"were"identified"encoding"multiple"copies"of"the"gene."Aligning"fullGlength"Rotaria(transcripts"with"the"five"sequenced"copies"of"AV10109"in"A.(vaga"and"building"a"maximum"likelihood"phylogeny"of"this"(fig."5.9)"confirms"the"presence"of"at"least"three"copies"in"R.(magnacalcarata"(three"monophyletic"groups"of"sequences"aLRT"≥"0.98),"at"least"eight"copies"in"R.(socialis"(eight"monophyletic"groups"of"sequences"aLRT"="1),"and"at"least"eight"copies"in"R.(tardigrada((eight"monophyletic"groups"of"sequences"aLRT"≥"0.93).""
Figure!5.9.!Maximum"likelihood"gene"tree"(GTR+I+G)"alignment"of"five"A.(vaga"AV10109(copies"and"corresponding"Rotaria(transcripts."Support"values"(aLRT)"above"0.5"displayed."A.(vaga(copies"are"displayed"in"red.!
"
!
!
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Discussion!
!In"the"previous"chapter"I"used"inference"based"on"the"detailed"comparison"of"foreign"genes"in"a"few"key"species"to"estimate"the"acquisition"patterns"of"horizontally"acquired"genes"in"bdelloid"rotifers"as"a"whole"(chapter"4)."Here"I"provide"support"for"the"conclusions"of"those"analyses"through"a"more"detailed"examination"of"the"distribution"of"four"horizontally"acquired"genes"in"a"wider"sample"of"bdelloid"species,"including"representatives"from"three"of"the"four"families"of"the"class"Bdelloidea"(Adinetidae,(Philodinidae(and"Habrotrochidae)."The"species"distribution"of"the"four"candidate"genes"is"in"accordance"with"the"predicted"distribution"of"these"genes"based"on"presence"or"absence"in"Rotaria(and"Adineta(transcriptomes,"and"this"provides"further"support"for"the"broader"conclusions"drawn"in"chapter"4."Three"of"the"four"genes"examined"can"be"identified"in"the"genomic"DNA"of"at"least"two"bdelloid"families,"supporting"the"ancient"acquisition"and"subsequent"maintenance"of"these"genes"over"tens"of"millions"of"years,"whilst"one"gene"is"only"identifiable"in"species"from"the"family"
Adinetidae,"supporting"the"contention"that"HGT"has"occurred"since"the"most"recent"common"ancestor"of"bdelloid"species."""AV10092,"AV10109"and"AV10027"are"all"found"in"both"Adineta(and"Rotaria(transcriptomes,"and"their"presence"in"both"Adinetidae(and"Philodinidae(families"implies"that"they"were"acquired"by"a"common"ancestor"of"member"of"these"families,"and"therefore"potentially"before"the"divergence"of"all"extant"bdelloid"species."Genomic"DNA"encoding"AV10092"was"successfully"amplified"and"sequenced"from"species"from"all"three"bdelloid"families"examined"here,"and"of"all"samples,"only"individuals"from"the"genus"Philodina(were"unable"to"produce"sequences"of"this"gene."This"broad"distribution"supports"the"conclusion"that"AV10092"was"acquired"before"the"divergence"of"extant"bdelloid"species."Genomic"DNA"encoding"AV10027"and"AV10109"was"successfully"amplified"and"sequenced"from"species"from"Adinetidae(and"Philodinidae."AV10027"was"not"observed"in"
Dissotrocha(aculeata"or"in"three"Rotaria(species"(fig."5.1),"and"amplification"of"AV10109"was"not"successful"in"over"half"of"the"species"sampled"(fig."5.1)."The"
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region"of"AV10027"used"for"sequencing"was"highly"conserved,"so"although"failure"to"amplify"this"gene"in"some"species"might"be"due"to"mutation"in"the"primer"binding"region"or"to"genuine"gene"loss,"it"could"accurately"reflect"its"absence"in"these"species,"and"points"to"the"possibility"of"lineage"specific"loss"of"horizontally"acquired"genes."By"contrast,"AV10109"was"present"in"Rotaria(transcriptomes"in"multiple"copies,"and"multiple"peaks"were"identified"in"the"chromatograms"of"some"Adineta(samples."Multiple"copies"may"have"inhibited"the"PCR"reaction"at"the"initial"amplification"stage"or"during"Sanger"sequencing,"so"failure"to"amplify"AV10109"should"not"be"taken"as"direct"evidence"of"its"absence"in"these"species."!"AV10134"was"only"identified"in"Adineta(transcriptomes"and"genomes,"and"was"absent"from"the"four"Rotaria(transcriptomes,"implying"the"more"recent"acquisition"of"this"gene,"after"the"divergence"of"Adinetidae(and"Phildodinidae."AV10134"could"only"be"successfully"amplified"and"sequenced"in"Adineta(species,"supporting"this"inference."Failure"to"sequence"AV10134"in"two"species"from"the"genus"Adineta((A.(cuneata(and"A.(barbata)"could"be"explained"in"three"ways:"uptake"of"this"AV10134"in"a"common"ancestor"of"the"other"Adineta(species,"after"divergence"from"A.(cuneata(and"A.(barbata,"differential"loss"of"this"gene"in"A.(
cuneata(and"A.(barbata,"or"divergence"of"the"primer"binding"sites"in"these"two"species."Whatever"the"case,"the"presence"of"AV10134"in"Adineta(species"alone"gives"further"support"to"the"idea"that"foreign"genes"have"been"acquired"by"bdelloids"since"the"divergence"of"extant"families"(Flot"et"al.,"2013;"chapter"4).""The"monophyly"of"all"four"horizontally"acquired"genes"sequenced"here"(figures"5.2G5.5)"also"provides"support"for"the"findings"of"the"previous"chapter;"there"is"no"evidence"that"the"distribution"of"these"four"genes"in"extant"rotifer"species"is"the"result"of"rotiferGtoGrotifer"transfer."Along"with"the"presence"of"these"genes"in"a"large"portion"of"species"sampled,"this"implies"that"foreign"genes"observed"in"multiple"bdelloid"lineages"are"present"as"a"result"of"postGHGT"vertical"inheritance"within"the"bdelloids."Although"demonstrating"the"single"origin"of"these"four"candidate"genes"in"bdelloid"rotifers"does"not"preclude"multiple"origins"of"other"horizontally"acquired"genes,"it"does"support"the"idea"that"many"of"the"foreign"
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genes"observed"in"more"than"one"bdelloid"species"were"probably"acquired"in"the"common"ancestor"of"these"species.""In"all"the"genes"sequenced"here,"there"was"no"evidence"of"stop"codons.!Along"with"the"fact"that"three"of"the"four"genes"are"found"in"A.(ricciae(and"Rotaria(transcriptomes,"and"a"broad"range"of"bdelloid"species,"this"suggests"that"foreign"genes"are"maintained"without"pseudogenisation"in"bdelloid"genomes"for"tens"of"millions"of"years."For"this"to"be"the"case"these"foreign"genes"must"not"have"negatively"impacted"the"fitness"of"the"bdelloids"they"were"taken"up"by,"and"they"might"even"have"provided"novel"genetic"variation"beneficial"to"their"recipients.""Successfully"acquired"foreign"genes"are"often"enzymes,"as"these"can"provide"novel"functions"for"host"species,"and"indeed"all"four"of"the"candidate"genes"here"encode"enzymes."Of"particular"functional"interest"are"AV10092"and"AV10027,"both"of"which"are"involved"in"the"breakdown"of"organic"compounds."AV10092"encodes"a"betaGgalactosidase;"betaGgalactosidases"catalyze"the"hydrolysis"of"betaGgalactosides"into"monosaccharides."This"enzyme"is"present"across"the"tree"of"life,"but"this"bdelloid"copy"is"likely"to"have"originated"from"a"plant"donor,"forming"a"monophyletic"group"with"the"plant"copies"(fig."5.2)."Monogonont"rotifers"have"a"metazoan"betaGgalactosidase,"and"the"amino"acid"sequence"of"this"gene"does"produce"hits"in"all"four"Rotaria"transcriptomes"(e≤1eG05)"when"used"as"a"query"in"a"tBLASTN"search,"suggesting"that"bdelloids"do"have"a"distantly"related"version"of"this"gene."So"as"found"in"(Boschetti"et"al.,"2012),"foreign"genes"can"be"supplementary"to!the"metazoan"version"of"the"same"gene."AV10027"encodes"a"xylosidase,"which"is"involved"in"the"breakdown"of"xylan"(a"polysaccharide)"into"xylose"(a"sugar),"and"as"such"it"is"needed"to"break"down"hemicellulose,"a"major"component"of"plant"cell"walls."Metazoan"cellulases"exist,"but"it"is"thought"that"these"originated"by"horizontal"transfer"(Danchin"et"al.,"2010),"so"AV10027"could"provide"a"novel"metabolic"function"in"bdelloids,"potentially"helping"them"break"down"plant"cell"walls."""It"has"long"been"known"that"bdelloids"possess"multiple"copies"of"some"genes."Bdelloids"are"considered"degenerate"tetraploids"(Flot"et"al.,"2013;"Hur"et"al.,"
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2009;"Mark"Welch"et"al.,"2008),"possibly"genome"duplication"or"hybridization"gave"rise"to"tetraploidy"in"an"ancestor"of"the"bdelloids,"but"through"pseudogenisation,"divergence"and"gene"loss"the"tetraploid"structure"of"their"genomes"has"been"largely"lost"over"time."The"completion"of"the"first"bdelloid"genome"(Flot"et"al.,"2013)"has"shown"that"while"A.(vaga(does"appear"to"be"tetraploid,"allelic"regions"in"this"species"are"rearranged"so"the"four"copies"of"each"gene"do"not"necessarily"lie"on"different"chromosomes."Furthermore,"there"is"evidence"of"large"expansions"of"certain"genes,"for"example"alpha"tubulin"forms"a"large"multiGgene"family"(Eyres"et(al.,"2012;"chapter"2)"and"Flot"et"al.,"(2013)"identified"expansion"of"genes"relating"to"oxidative"stress"response"and"carbohydrate"metabolism."The"presence"of"multiple"copies"of"two"of"the"four"horizontally"acquired"genes"analysed"here"(AV10092"and"AV10109)"is"therefore"unsurprising;"their"distribution"across"bdelloid"species"is"consistent"with"their"ancient"acquisition,"and"therefore"it"is"possible"that"these"genes"will"have"been"subject"to"the"same"forces"experienced"by"the"genome"more"widely."Furthermore,"one"of"the"genes"present"in"more"than"one"copy"(AV10092)"encodes"a"betaGgalactosidase,"so"is"involved"in"carbohydrate"metabolism,"one"of"the"groups"of"genes"identified"in"the"A.(vaga(genome"as"being"part"of"expanded"multiGgene"families.""Amongst"the"still"relatively"rare"published"examples"of"HGT"in"multicellular"eukaryotes,"few"describe"multiple"postGtransfer"duplications"of"these"genes."A"broadGscale"scan"for"HGT"in"the"genomes"of"three"lepidopteran"species"(B.(mori,"
D.(plexippus(and"H.(melpomene)"identified"12G13"horizontal"transfer"events"that"had"produces"20G22"foreign"genes"per"species"after"postGtransfer"duplication"(Sun"et"al.,"2013)."Nematode"HGT"is"one"of"the"bestGstudied"examples"of"HGT"in"eukaryotes,"and"in"rootGknot"nematodes"duplications"of"foreign"genes"leading"to"multigenic"families"have"been"observed"(Danchin"et"al.,"2010)."The"expansion"of"AV10109,"a"shortGchain"dehydrogenase,"in"R.(sordida(and"R.(tardigrada(can"be"added"to"these"examples."""The"presence"of"more"than"one"copy"of"AV10092"and"AV10109"made"it"difficult"to"reconstruct"phylogenies"of"species"sampled"using"these"genes."In"contrast,"a"
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lack"of"genetic"divergence"in"the"sequences"of"AV10027"and"AV10134"restricted"the"resolution"of"these"phylogenies."Theoretically,"as"bdelloids"are"presumed"to"be"anciently"asexual,"gene"trees"should"be"topologically"congruent"with"species"trees."Lack"of"congruence"between"gene"trees"of"different"horizontally"acquired"genes"might"indicate"rotiferGtoGrotifer"transfer"of"these"genes."However,"singleGcopy"foreign"genes"with"a"broad"species"distribution"and"enough"genetic"divergence"are"needed"before"this"can"be"tested"further."""""""""""""""""""""""""""""""""""""
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Chapter!6:!GenomeTwide!scan!for!selection!in!
monogonont!and!bdelloid!rotifer!species!"
!
Introduction!"The"clustering"of"organisms"into"distinct"genetic"and"morphological"clusters"is"evident"across"the"tree"of"life,"but"the"question"of"how"species"arise"and"are"maintained"remains"a"central"question"in"ecology"and"evolution"(Barraclough"et"al.,"2003;"Coyne"and"Orr,"1998)."Sexual"reproduction"is"often"cited"to"explain"the"existence"of"discrete"evolutionary"units;"recombination"maintains"cohesion"within"population"clusters,"whilst"reproductive"isolation"allows"divergence"that"leads"to"the"observed"discontinuities"between"species"(Maynard"Smith"and"Szathmary,"1997)."However,"ecological"factors"are"also"important"in"the"production"of"the"distribution"of"extant"species"(Schluter,"2001;"Via,"2002);"in"particular,"diversifying"selection"can"lead"to"adaptation"to"divergent"ecological"niches."Under"this"mechanism,"asexual"clades"would"also"be"expected"to"diversify"into"species"indicative"of"populations"adapted"to"distinct"niches."Comparing"patterns"of"variation"in"sexual"and"asexual"clades"might"therefore"reveal"the"relative"importance"of"reproductive"isolation"versus"divergent"natural"selection"in"explaining"the"existence"of"species"clusters"(Coyne"and"Orr,"1998;"Maynard"Smith"and"Szathmary,"1997)."""Recent"studies"have"shown"that"strictly"asexual"clades"have"diverged"into"genetic"and"morphological"clusters"similar"to"those"present"in"sexually"reproducing"taxa"(Barraclough"et"al.,"2003;"Bode"et"al.,"2010;"Fontaneto"et"al.,"2007)."The"expanding"application"of"next"generation"sequencing"to"nonGmodel"organisms"has"enabled"the"search"for"“adaptation”"and"“speciation”"genes,!by"comparing"closely"related"species"where"adaptive"phenotypes"are"well"studied."For"sexually"reproducing"organisms"we"now"have"a"growing"list"of"genes"potentially"involved"in"adaptation"and"speciation"(Ferguson"et"al.,"2010;"Goetz"et"al.,"2010;"Hohenlohe"et"al.,"2010;"Renaut"et"al.,"2010;"Turner"et"al.,"2010),"and"the"discovery"of"these"
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genes"highlights"the"dual"importance"of"natural"selection"and"recombination"for"species"divergence."For"example,"speciation"genes"have"been"found"on"islands"of"divergence"protected"from"recombination"either"by"the"strength"of"selection"on"those"regions"or"chromosomal"inversions"(Feder"et"al.,"2012)."However,"different"patterns"of"genomic"divergence"might"be"expected"in"strictly"asexual"clades,"in"which"no"special"mechanism"is"needed"to"protect"divergence"of"multiple"gene"regions"from"the"eroding"effects"of"recombination"(Felsenstein,"1981).""Bdelloid"rotifers"are"one"of"the"few"examples"of"an"ancient"asexual"lineage,"and"as"such"they"are"useful"when"studying"speciation"in"the"absence"of"sex."Their"ancient"asexuality"has"long"been"suspected:"cytogenetic"evidence"suggests"that"extant"bdelloids"reproduce"by"apomixis"(Hsu,"1956a,"1956b;"Ricci,"1987),"and"more"recent"genetic"evidence"such"as"loss"of"transposable"elements"(Arkhipova"and"Meselson,"2000),"accumulation"of"slightly"deleterious"mutations"(Barraclough"et"al.,"2007)"and"a"genome"organisation"that"appears"to"preclude"meiosis"(Flot"et"al.,"2013)"all"provide"support"for"this"hypothesis."The"presence"of"fossilised"bdelloids"in"amber"dating"to"40mya"(Poinar"and"Ricci,"1992)"dates"the"bdelloid"radiation"to">40mya,"and"supports"the"idea"that"bdelloids’"asexuality"is"ancient."Ancient"asexuality"appears"to"have"been"little"barrier"to"the"formation"of"genetic"and"morphological"clusters"(Fontaneto"et"al.,"2007);"the"class"Bdelloidea"contains"more"than"450"species"(Segers,"2007)."Fontaneto"et"al.,"(2012)"compared"the"diversification"patterns"of"bdelloid"(obligate"asexuals)"and"monogonont"(cyclical"parthenogens)"taxa"and"suggested"that"differences"in"clustering"patterns"between"bdelloids"and"monogononts"could"be"attributed"to"differences"in"modes"of"speciation.""The"sequencing"of"transcriptomes"from"a"number"of"bdelloid"and"monogonont"species"(Boschetti"et"al.,"2012;"Denekamp"et"al.,"2009;"Hanson"et"al.,"2013;"chapter"4)"has"made"it"possible"to"perform"comparative"genomic"analyses"of"these"species."Genomic"selection"scans"have"been"successfully"employed"to"identify"candidate"adaptive"genes"in"a"number"of"classic"model"organisms"(Barrier"et"al.,"2003;"Petersen"et"al.,"2007;"Swanson"et"al.,"2001),"and"more"recently"in"ecological"models"(Elmer"et"al.,"2010)."Here"I"will"use"similar"
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techniques"to"scan"for"evidence"of"positive"selection"acting"on"genes"in"both"bdelloid"and"monogonont"rotifers,"in"order"to"identify"genes"potentially"involved"in"ecological"divergence"of"bdelloid"species,"and"to"compare"the"action"of"natural"selection"in"these"obligate"and"cyclically"parthenogenetic"sister"taxa.""An"assumption"fundamental"to"the"search"for"molecular"signatures"of"natural"selection"is"that"in"general"regions"of"the"genome"under"selection"must"be"of"functional"importance."Many"instances"have"been"shown"where"changes"in"regulation"of"genes"and"pathways"has"been"linked"to"adaptive"divergence"(e.g."Barrier"et"al.,"2001;"Hinman"et"al.,"2003)."Yet"there"is"also"mounting"evidence"of"changes"at"the"protein"coding"level"playing"a"role"(Smadja"et"al.,"2012)."Based"on"the"presumed"relationship"between"amino"acid"changes"and"the"fitness"of"an"organism,"selection"scans"have"been"used"extensively"to"identify"functional"genomic"regions."""There"are"two"main"methods"employed"in"the"search"for"genes"under"selection."The"first"is"a"population"level"approach,"which"will"uncover"genes"that"are"currently"subject"to"natural"selection."The"second"is"a"comparative"genomic"approach,"which"employs"species"level"comparisons"to"detect"the"signature"of"natural"selection"at"unspecified"times"in"the"species’"past."The"most"common"approach"to"genomic"scans"for"natural"selection"is"to"use"the"dN/dS"ratio,"a"comparison"of"the"rate"of"nucleotide"change"at"synonymous"sites"(where"substitutions"will"not"cause"amino"acid"change)"with"that"at"nonGsynonymous"sites"(where"substitutions"will"cause"amino"acid"change)"(Yang"and"Bielawski,"2000)."Yang"and"Nielsen"(2000)"developed"dN/dS"estimation"in"a"maximum"likelihood"(ML)"framework,"incorporating"more"realistic"models"of"codon"evolution.""
!Here"I"undertake"selection"scans"of"the"sequenced"transcriptomes"of"four"species"of"bdelloid"rotifer"from"the"genus"Rotaria,"to"identify"candidate"genes"for"ecological"divergence"in"the"absence"of"sex."Further"to"this"I"will"compare"the"results"of"selection"scans"of"both"bdelloid"and"monogonont"rotifers"to"examine"selection"pressures"acting"on"sexual"vs."asexual"species."The"genus"Rotaria(is"
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unusual"amongst"bdelloid"genera"because"it"contains"species"with"a"broad"range"of"desiccation"frequencies"and"tolerances."Two"of"the"species"examined"here,"R.(
magnacalcarata(and"R.(socialis,"are"permanently"aquatic"and"are"sister"species"living"in"separate"niches"on"the"waterlouse"Asellus(aquaticus"(Fontaneto"and"Ambrosini,"2010)."R.(tardigrada(was"sampled"from"the"silt"at"the"bottom"of"a"pond"which"occasionally"dries"up,"and"R.(sordida(experiences"frequent"cycles"of"desiccation"and"rehydration"living"in"moss."Divergence"of"sister"species"on"A.(
aquaticus,"and"divergence"of"all"four"species"in"terms"of"desiccation"tolerance"(and"associated"habitat"changes)"provide"a"good"opportunity"to"discover"genes"involved"in"adaptation"in"an"asexual"clade.""""
Methods!
!
!
Rotaria&and&Brachionus&sequence&data&The"transcriptomes"of"four"Rotaria(species"(Rotaria(magnacalcarata,"Rotaria(
socialis,"Rotaria(sordida(and"Rotaria(tardigrada)"were"produced"as"described"in"chapter"4."In"brief,"R.(magnacalcarata"and"R.(socialis"was"isolated"from"waterlice,"
R.(sordida(was"isolated"from"moss,"and"R.(tardigrada(was"isolated"from"silt."RNA"was"extracted"using"the"RNeasy"Mini"kit"(Qiagen)"and"preparation"of"Oligo(dT)Gprimed"cDNA"was"performed"using"the"Clontech/Takara"SMARTer"PCR"cDNA"Synthesis"Kit"and"an"Advantage"2"PCR"Enzyme"System."cDNA"libraries"were"prepared"and"sequenced"by"The"Eastern"Sequence"and"Informatics"Hub"(University"of"Cambridge,"http://www.easih.ac.uk")"using"Illumina"HiSeq."Sequences"were"assembled"with"the"Trinity"assembler"(Grabherr"et"al.,"2011)."A"subset"of"very"low"expression"transcripts,"with"IsoPct"(per"component"expression"level)"<"1"and"FPKM"(Fragments"Per"KB"of"transcript"per"Million"mapped"reads)"<"1"were"excluded"from"further"analysis."Sequence"data"will"be"available"in"GenBank"upon"publication."""Published"ESTs"from"two"monogonont"species,"Brachionus(plicatilis"(Denekamp"et"al.,"2009)"and"Brachionus(calyciflorus"(Hanson"et"al.,"2013)"were"also"analysed."
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The"11956"B.(plicatilis(ESTs"(SB101"MS"transcript"library,"GenBank"accession"numbers:"FM897377G"FM909332)"were"produced"from"a"combination"of"male"and"female"mixed"stage"animals,"with"a"mean"transcript"length"of"596"bp."The"33088"B.(calyciflorus(ESTs"(GenBank"accession:"GACQ00000000.1)"were"produced"from"a"cyclically"parthenogenetic"strain"of"B.(calyciflorus,"and"had"a"mean"transcript"length"of"647"bp."
!
Identification&of&orthologous&transcripts&I"identified"orthologous"transcripts"for"bdelloid"and"monogonont"samples"separately."Each"of"the"four"Rotaria(transcript"sets"was"used"in"turn"to"query"the"other"three"samples"using"discontiguous"megablast"(dcGmegablast),"and"this"was"repeated"for"each"of"the"two"Brachionus(transcript"sets."Based"on"manual"inspection"of"the"output,"any"sequence"with"a"BLAST"hit"with"an"eGvalue"of"e"≤"1eG10"was"considered"homologous."Orthologous"genes"amongst"Rotaria(species"pairs"were"identified"by"using"BLASTN"to"detect"reciprocal"best"hits"between"species:"first"reciprocal"best"hits"between"species"pairs"were"identified,"then"the"six"pairGwise"comparisons"were"combined"and"genes"where"reciprocal"best"hits"were"consistent"across"these"comparisons"were"retained."Orthologous"genes"in"
B.(plicatilis(and"B.(calyciflorus"were"identified"in"the"same"manner."The"coding"region"of"transcripts"was"detected"using"OrfPredictor"(Min"et"al.,"2005),"http://proteomics.ysu.edu/tools/OrfPredictor.html)."Orthologous"sequences,"trimmed"to"the"predicted"coding"region,"were"aligned"using"Muscle"(Edgar,"2004),"for"both"pairwise"orthologs"and"orthologs"present"in"all"four"bdelloid"species"independently."
!
Divergence&and&selection&in&metazoan&and&foreign&orthologs&The"dN/dS"ratio"was"calculated"between"species"pairs"using"the"kaks"function"in"the"seqinr"package"in"R"(Charif"and"Lobry,"2007)."Positive"selection"among"orthologs"was"tested"for"using"the"likelihood"ratio"test"between"the"codonGsubstitution"models"M1a"(nearly"neutral;"ω"≤"1)"and"M2a"(positive"selection;"including"a"category"of"sites"with"ω">"1)"in"PAML"(Yang,"2007)."
!
!
!
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Gene&Ontology&and&Enzyme&Commission&number&annotation&and&analysis&
Rotaria(transcripts"with"orthologs"in"all"four"Rotaria(species"were"annotated"using"Blast2GO"(v2.6.6)"(Conesa"et"al.,"2005),"using"default"settings"for"mapping"and"annotation,"except"for"the"removal"of"evidence"code"control"from"the"annotation"step"(evidence"code"cutGoff"="1)."GO"numbers"were"then"compared"against"the"EC2GO"database"(last"modified"10GOctG2013,"(Hill"et"al.,"2001))"and"corresponding"EC"numbers"were"retrieved."""""
Results!
&
Identification&of&orthologous&transcripts&
i)(Bdelloid(rotifer(transcript(comparisons(Open"reading"frames"were"successfully"identified"for"60260"R.(magnacalcarata(transcripts,"70754"R.(socialis"transcripts,"84662"R.(sordida(transcripts"and"120932"R.(tardigrada(transcripts"(mean"length"="514"bp,"493"bp,"622"bp"and"551"bp"respectively)"using"OrfPredictor."The"number"of"reciprocal"best"hits"identified"between"each"pairwise"species"comparison"are"recorded"in"table"6.1."After"aligning"reciprocal"best"hits,"alignments"were"checked"manually,"and"some"pairs"of"orthologous"sequences"were"excluded"from"further"analysis"due"to"alignment"uncertainties"at"the"codon"level."Combining"the"six"pairGwise"species"comparisons"and"retaining"genes"where"reciprocal"best"hits"were"consistent"across"these"comparisons"led"to"the"identification"of"4509"orthologs"common"to"all"four"bdelloid"species."""""""
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Table!6.1.!summary"of"pairwise"species"comparisons"(mag"="R.(magnacalcarata,(soc"="R.(socialis,"sor"="R.(sordida,"tar"="R.(tardigrada,"cal"="B.(calyciflorus(and"plic"="
B.(plicatilis).!" mag.soc! mag.sor! mag.tar! soc.sor! soc.tar! sor.tar! cal.plic!reciprocal"best"hits" 23548" 13542" 14399" 13109" 13803" 25199" 4315"reciprocal"best"hits,"trimmed"
5088! 11338! 12206! 11124! 11779! 18308! 2225!
mean"pdist"(±standard"error)"
0.058±0.0003" 0.126±0.0003" 0.130±0.0003" 0.126±0.0003" 0.131±0.0003" 0.087±0.0002" 0.231±0.0006"
mean"ka"(±standard"error)"
0.037±0.0004" 0.088±0.0004" 0.089±0.0004" 0.088±0.0004" 0.090±0.0004" 0.071±0.0003" 0.106±0.0009"
mean"ks"(±standard"error)"
0.138±0.0008" 0.348±0.0009" 0.371±0.0015" 0.350±0.0013" 0.374±0.0010" 0.183±0.0009" 1.578±0.0015"
mean"kaks"(±standard"error)"
0.280±0.0031" 0.268±0.0015" 0.258±0.0015" 0.268±0.0016" 0.258±0.0015" 0.414±0.0018" 0.073±0.0008"
number"
ω">"1" 63" 28" 29" 35" 39" 481" 0"%"ω">"1" 1.24%" 0.25%" 0.24%" 0.31%" 0.33%" 2.63%" 0.00%""""
ii)(Monongonont(rotifer(transcript(comparisons(Open"reading"frames"were"successfully"identified"for"11903/11956"B.(plicatilis(transcripts"(mean"length"="438"bp)"and"32774/33088"B.&calyciflorus"transcripts"(mean"length"="494"bp)"using"OrfPredictor."4315"reciprocal"best"hits"were"identified"using"BLASTN"with"an"eGvalue"of"e"≤"1eG10."After"aligning"reciprocal"best"hits,"alignments"were"checked"manually,"and"569"pairs"of"orthologous"sequences"were"excluded"from"further"analysis"due"to"alignment"uncertainties"at"the"codon"level."
!
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Divergence&and&selection&in&orthologous&transcripts&For"each"pairwise"species"comparison"(R.(magnacalcarata(with"R.(socialis,"R.(
magnacalcarata(with"R.(sordida,"R.(magnacalcarata(with"R.(tardigrada,"R.(socialis(with"R.(sordida,"R.(socialis(with"R.(tardigrada,(R.(sordida(with"R.(tardigrada,"and"B.(
plicatilis(with"B.(calyciflorus),"raw"pairwise"distance"between"DNA"sequences"was"calculated"for"each"putative"orthologous"pair."Sequence"pairs"with"a"pairwise"divergence"above"the"90th"percentile"for"their"species"comparison"were"excluded"from"further"analysis"(pairwise"distance"threshold"="0.14,"0.20,"0.21,"0.20,"0.21,"0.16"and"0.31"respectively)"in"order"to"avoid"analysing"paralogous"copies"in"cases"where"an"orthologous"copy"was"missing"from"one"of"the"transcript"sets"being"compared."For"each"pairwise"species"comparison"dN,"dS"and"dN/dS"were"calculated."At"very"low"values"of"dS,"the"probability"of"ω"exceeding"1"by"chance"is"inflated,"so"all"sequence"pairs"with"ks"<"0.1"were"excluded"from"further"analysis."After"excluding"homologous"pairs"with"high"pairwise"divergence"and"very"low"synonymous"site"divergence"5088,"11338,"12206,"11124,"11779,"18308"and"2225"orthologous"pairs"respectively"remained."Mean"pairwise"nucleotide"distance,"mean"dN,"mean"dS,"and"mean"dN/dS"are"recorded"in"table"6.1.""
i)(Comparison(of(monogonont(and(bdelloid(ortholog(divergence(Overall"genetic"divergence"between"the"two"monogonont"samples"was"significantly"higher"than"between"all"bdelloid"pairwise"comparisons"(MannGWitney"test,"p<0.0001"in"all"six"possible"comparisons"between"bdelloid"and"monogonont"pairs),"and"consequently"both"mean"dN"(0.106"and"0.080"respectively)"and"mean"dS"(1.578"and"0.298"respectively)"were"higher"in"the"monogonont"comparison"(MannGWitney"test,"p<0.0001"in"all"six"possible"comparisons"between"bdelloid"and"monogonont"pairs)."However,"as"monogonont"dN"was"much"more"similar"to"bdelloid"dN"in"comparison"to"dS"(fig."6.1),"dN/dS"in"monogonont"orthologs"was"significantly"lower"than"in"bdelloid"orthologs"(MannGWitney"test,"p<0.0001"in"all"six"possible"comparisons"between"bdelloid"and"monogonont"pairs)."
!
!
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Figure!6.1.!boxplots"showing"rate"of"change"of"nonGsynonymous"sites"(dN),"rate"of"change"of"synonymous"sites"(dS)"and"rate"of"change"of"nonGsynonymous"sites"with"respect"to"synonymous"sites"(dN/dS)"for"each"pairwise"species"comparison."Colums"="pairwise"species"comparisons:"R.(magnacalcarata(with"R.(socialis,"R.(
magnacalcarata(with"R.(sordida,"R.(magnacalcarata(with"R.(tardigrada,"R.(socialis(with"R.(sordida,"R.(socialis(with"R.(tardigrada,(R.(sordida(with"R.(tardigrada,"and"B.(
plicatilis(with"B.(calyciflorus.!
!
!
ii)(Identifying(positive(selection(After"checking"alignments"to"ensure"that"codons"were"correctly"aligned,"63"orthologs"common"to"R.(magnacalcarata(and"R.(socialis,"28"orthologs"common"to"
R.(magnacalcarata(and"R.(sordida,(29"orthologs"common"to"R.(magnacalcarata(and"R.(tardigrada,"35"orthologs"common"to"R.(socialis(and"R.(sordida,"39"orthologs"common"to"R.(socialis(and"R.(tardigrada,(481"orthologs"common"to"R.(sordida(and"
R.(tardigrada(and"no"orthologs"common"to"B.(plicatilis(and"B.(calyciflorus(were"identified"with"ω">"1"(fig."6.2).(
("
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Figure!6.2.!plots"comparing"rate"of"change"of"synonymous"(dS)"and"nonGsynonymous"(dN)"sites"in"pairwise"species"comparisons"(mag"="R.(
magnacalcarata,(soc"="R.(socialis,"sor"="R.(sordida,"tar"="R.(tardigrada,"cal"="B.(
calyciflorus(and"plic"="B.(plicatilis)."Red"line"indicates"ω"="1,"transcripts"above"the"line"have"ω">"1."
""For"the"4509"orthologs"common"to"all"four"Rotaria(species"a"likelihoodGratio"test"was"used"to"compare"the"codonGsubstitution"models"M1a"(nearly"neutral;"ω"≤"1)"and"M2a"(positive"selection;"including"a"category"of"sites"with"ω">"1)"in"PAML."After"manual"inspection"of"alignments,"M2a"was"found"to"be"a"significantly"better"fit"than"M1a"(lrt>5.991)"for"53"orthologs"(1.18%)."Because"of"the"large"number"of"orthologs"compared"in"these"analyses,"some"cases"where"M2a"was"found"to"be"a"better"fit"than"M1a"are"likely"to"be"false"positives."PGvalues"derived"from"the"likelihood"ratio"test"used"for"model"comparison"are"recorded,"and"orthologs"with"the"highest"pGvalues"can"be"regarded"with"most"certainty"to"fit"the"model"of"positive"selection"(M2a)."
!
iii)(Comparison(of(genes(with(ω(>(1(in(more(than(one(species(pair(Sixteen"orthologs"were"identified"as"under"selection"(ω">"1)"in"more"than"one"pairwise"species"comparison"(fig."6.3)."In"these"cases"the"gene"can"be"interpreted"as"diverging"in"the"species"common"to"both"pairwise"comparisons"it"is"identified"in."The"majority"of"genes"identified"in"this"way"(14/16)"have"no"hit"in"UniProtKB,"so"are"of"unknown"function"and"may"be"cladeGspecific."Five"of"the"genes"
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identified"using"this"method"are"divergent"in"R.(tardigrada(in"comparison"to"R.(
magnacalcarata(and"R.(socialis,"four"are"divergent"in"R.(sordida(in"comparison"to"
R.(magnacalcarata(and"R.(socialis,"four"are"divergent"in"R.(sordida(in"comparison"to"R.(socialis(and"R.(tardigrada,"and"only"one"gene"from"each"of"R.(magnacalcarata(and"R.(socialis(appear"divergent"with"respect"to"another"pair"of"species."One"gene"appears"divergent"between"all"samples"except"for"R.(magnacalcarata.""
Figure!6.3.!genes"with"ω">"1"in"more"than"one"pairwise"comparison."
""
Gene&Ontology&and&Enzyme&Commission&number&annotation&and&analysis&Genes"experiencing"positive"selection"(ω">"1"in"each"pairwise"species"comparison,"or"M2a"significantly"better"fit"than"M1a"in"fourGway"orthologs)"were"used"to"query"UniProtKB"using"BLASTX,"and"the"best"BLASTX"hit"was"recorded"for"sequences"with"an"eGvalue"≤"1eG05."Genes"were"then"annotated"with"Gene"Ontology"(GO)"categories"and"Enzyme"Commission"(EC)"numbers."A"summary"and"annotation"details"of"all"transcripts"with"at"least"one"hit"in"UniProtKB"can"be"found"in!supplementary"tables"S1GS7,"appendix"IV."Of"the"13"transcripts"in"the"
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comparison"of"R.(magnacalcarata(and"R.(socialis(with"ω">"1"and"a"hit"in"UniProtKB,(four"received"a"GO"annotation"(table"6.2)."Of"the"10"transcripts"in"the"comparison"of"R.(magnacalcarata(and"R.(sordida"with"ω">"1"and"a"hit"in"UniProtKB,(four"received"a"GO"annotation"(table"6.3)."Of"the"7"transcripts"in"the"comparison"of"R.(magnacalcarata(and"R.(tardigrada(with"ω">"1"and"a"hit"in"UniProtKB,(three"received"a"GO"annotation"(table"6.4)."Of"the"7"transcripts"in"the"comparison"of"R.(socialis(and"R.(sordida(with"ω">"1"and"a"hit"in"UniProtKB,(five"received"a"GO"annotation"(table"6.5)."Of"the"nine"transcripts"in"the"comparison"of"
R.(socialis(and"R.(tardigrada"with"ω">"1"and"a"hit"in"UniProtKB,(four"received"a"GO"annotation"(table"6.6)."Of"the"170"transcripts"in"the"comparison"of"R.(sordida(and"
R.(tardigrada"with"ω">"1"and"a"hit"in"UniProtKB,(77"received"a"GO"annotation"(table"6.7)."Of"the"53"transcripts"in"the"comparison"of"all"four"Rotaria(species"with"support"for"model"M2a"(positive"selection)"over"model"M1a"(neutral"evolution),"and"a"hit"in"UniProtKB,"33"received"a"GO"annotation"(table"6.8)."47"of"the"130"annotated"transcripts"(36.2%)"had"an"associated"EC"number,"so"function"as"enzymes."Predicted"enzyme"activities"identified"include"a"number"of"transcripts"with"oxidoreductase"activity,"for"example"one"transcript"has"predicted"glutathione"peroxidase"activity"(EC:1.11.1.9);"glutathione"peroxidase"acts"to!protect"cells"from"oxidative"damage."Two"transcripts"have"activity"related"to"ubiquitination,"which"has"a"role"in"a"broad"range"of"cellular"functions"from"response"to"stress"to"transcriptional"regulation."A"large"number"of"transcripts"are"annotated"with"EC"numbers"related"to"the"breakdown"of"organic"molecules,"such"as"phospholipase"(EC:3.1.1.4"and"EC:3.1.1.5)"and"peptidase"(EC:3.4)"activity,"and"could"be"involved"in"processing"of"nutrients.""2917"of"the"4509"orthologs"present"in"all"four"Rotaria(species"(64.7%)"received"a"GO"annotation,"and"974"of"these"(33.4%)"had"an"associated"EC"value."Figure"6.4"shows"the"distribution"of"biological"process"GO"annotations"for"genes"with"support"for"model"M2a"as"a"better"fit"than"M1a.""
"" 138"
Figure!6.4.!Sequence"distribution"of"GO"annotations"(biological"process)"for"transcripts"with"support"for"model"M2a"as"a"better"fit"than"M1a."
"""""""""""""""""""""""
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Table&6.2.&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#magnacalcarata#and!R.#socialis#with!ω!>!1,!in!descending!order!of!dN/dS!ratio.&
R.#magnacalcarata#
transcript&
R.#socialis#
transcript&
Top&blastx&hit& Top&blastx&description& Top&
blastx&
e5
value&
Blast2Go&
annotation&
GO&categories& EC&
numbers&
dN/dS&
ratio&
comp30073_c0_seq2! comp34320_c0_seq3! tr|B2J555|B2J555_NOSP7! Lipolytic!enzyme,!GUDUSUL!family! 1.00EU29!! lipolytic!protein!gUdUsUl!family! GO:0016740;!GO:0052689! EC:2;!EC:3.1.1!! 1.14964826125921!comp19164_c0_seq1! comp31818_c0_seq2! tr|K1QKX9|K1QKX9_CRAGI! Ryanodine!receptor!44F! 3.00EU07!! Calmodulin!4!! GO:0005625;!GO:0005509;!GO:0006468;!GO:0005524;!!GO:0004674! ! 1.13596069484949!comp348_c0_seq1! comp602447_c0_seq1! tr|H2W9D2|H2W9D2_CAEJA! Uncharacterized!protein! 6.00EU48!! aquaporin!3!! GO:0015700;!GO:0042476;!GO:0015204;!GO:0015254;!GO:0016021;!GO:0015105;!GO:0070295;!GO:0015250;!GO:0071918;!GO:0005911;!GO:0032526;!GO:0015793;!GO:0016323;!GO:0034220;!GO:0002684;!GO:0005737!!
! 1.01266419604744!
comp25268_c0_seq1! comp13588_c0_seq1! tr|G5AM25|G5AM25_HETGA! Sodium/myoUinositol!cotransporter!! 1.00EU41!! sodium!myoUinositol!cotransporter! GO:0055085;!GO:0016021;!GO:0005215! ! 1.00084135581974!!!!!!!!
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Table&6.3.&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#magnacalcarata#and!R.#sordida#with!ω!>!1,!in!descending!order!of!dN/dS!ratio.&
R.#magnacalcarata#
transcript! R.#sordida#transcript! Top&blastx&hit! Top&blastx&description! Top&blastx&
e5
value!
Blast2Go&annotation! GO&categories! EC&numbers! dN/dS&
ratio&
comp657027_c0_seq1! comp41798_c1_seq1! tr|E2RSB5|E2RSB5_CANFA! Uncharacterized!protein! 2.00EU67! nuclear!receptor!coactivator!7!isoform!1! GO:0016998! ! 1.31830061851727!comp32738_c4_seq1! comp725041_c0_seq1! tr|H0ZK61|H0ZK61_TAEGU! Uncharacterized!protein! 1.00EU11! exonuclease!1! GO:0016446;!GO:0048256;!GO:0090305;!GO:0007126;!GO:0046872;!GO:0045145;!GO:0002455;!GO:0045190;!GO:0006298;!GO:0005515;!GO:0004523;!GO:0051908;!GO:0005634;!GO:0043566!
! 1.20480074687343!
comp853932_c0_seq1! comp42679_c0_seq13! tr|E0VID6|E0VID6_PEDHC! Titin,!putative!! 2.00EU40! camk!mlck!protein!kinase! GO:0006468;!GO:0048856;!GO:0005524;!GO:0004687! EC:2.7.11.18! 1.15214485521295!comp28073_c0_seq2! comp32214_c0_seq1! tr|C3YS86|C3YS86_BRAFL! Putative!uncharacterized!protein! 1.00EU13! mitochondrial!import!inner!membrane!translocase!subunit!tim9!
GO:0072321;!GO:0005743;!GO:0046872;!GO:0051087;!GO:0045039;!GO:0042719;!GO:0005215;!GO:0042803!
!!!!
1.1155970807893!!!!!!!!!
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Table&6.4.&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#magnacalcarata#and!R.#tardigrada#with!ω!>!1,!in!descending!order!of!dN/dS!ratio.&
R.#
magnacalcarata#
transcript! R.#tardigrada#transcript! Top&blastx&hit! Top&blastx&description! Top&blastx&e5
value!
Blast2Go&annotation! GO&categories! EC&
numbers! dN/dS&ratio&
comp831170_c0_seq1! comp63526_c0_seq5! tr|K1PXN8|K1PXN8_CRAGI! PreUmRNAUsplicing!factor!CWC22Ulike!protein! 3.00EU19! preUmrnaUsplicing!factor!cwc22!homolog! GO:0005737;!GO:0005730;!GO:0008380;!GO:0003677;!GO:0003723;!GO:0006397;!GO:0071013!
! 1.72570484616108!comp27030_c0_seq4! comp48993_c0_seq1! tr|E9PTJ4|E9PTJ4_RAT! Glycine!cleavage!system!H!protein,!mitochondrial! 1.00EU32! glycine!cleavage!system!h!mitochondrial!precursor!
GO:0004047;!GO:0019899;!GO:0005960;!GO:0005739;!GO:0019464! EC:2.1.2.10! 1.36171005835531!!comp213424_c0_seq1! comp409060_c0_seq1! tr|Q7Q197|Q7Q197_ANOGA! AGAP009899UPA! 9.00EU40! zinc!finger!protein!with!krab!and!scan!domains!1Ulike! GO:0003676;!GO:0046872! ! 1.21717804970066!!!!!!!!!!!!!!
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Table&6.5.&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#socialis#and!R.#sordida#with!ω!>!1,!in!descending!order!of!dN/dS!ratio.!
R.#socialis#
transcript! R.#sordida#transcript! Top&blastx&hit! Top&blastx&description! Top&blastx&
e5
value!
Blast2Go&annotation! GO&categories! EC&
numbers! dN/dS&ratio&
comp52055_c0_seq1! comp22710_c0_seq1! tr|D2VTC4|D2VTC4_NAEGR! Nucleoside!diphosphate!kinase! 2.00EU11! nucleoside!diphosphate!kinase! GO:0006165;!GO:0004550;!GO:0005829;!GO:0046872;!GO:0006228;!GO:0005758;!GO:0005524;!GO:0006183;!GO:0006241!
EC:2.7.4.6! 1.47425489054204!
comp315285_c0_seq1! comp24853_c0_seq1! tr|B5YDH1|B5YDH1_DICT6! Methylglyoxal!synthase!! 6.00EU34! methylglyoxal!synthase! GO:0019242;!GO:0008929! ! 1.42079257042969!comp7196_c0_seq1! comp21642_c1_seq1! tr|C3XUD9|C3XUD9_BRAFL! Anoctamin!! 2.00EU122! anoctaminU10!isoform!1! GO:0005622;!GO:0034220;!GO:0005886;!GO:0005229;!GO:0008219;!GO:0006821;!GO:0034707!
! 1.05941387627821!comp559150_c0_seq1! comp1336713_c0_seq1! tr|K1RQ26|K1RQ26_CRAGI! Potassium!voltageUgated!channel!subfamily!H!member!7! 1.00EU07! potassium!voltageUgated!channel!subfamily!h!member!2Ulike!
GO:0005249;!GO:0034765;!GO:0071805;!GO:0016021! ! 1.03706913503530!comp428731_c0_seq1! comp29342_c0_seq1! tr|A2DN14|A2DN14_TRIVA! Ankyrin!repeat!protein,!putative!! 7.00EU10! ankyrin!repeatUcontaining!protein! GO:0008270;!GO:0016491;!GO:0055114! EC:1! 1.01355468313265!!!!!!!!
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Table&6.6.!top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#socialis#and!R.#tardigrada#with!ω!>!1,!in!descending!order!of!dN/dS!ratio.&
R.#socialis#
transcript! R.#tardigrada#transcript! Top&blastx&hit! Top&blastx&description! Top&blastx&
e5
value!
Blast2Go&
annotation! GO&categories! EC&numbers! dN/dS&ratio&
comp34194_c0_seq4! comp38457_c0_seq1! tr|E3M356|E3M356_CAERE! CREUNCSU2!protein!! 9.00EU16! neuronal!calcium!sensor!2! GO:0046872;!GO:0016491;!GO:0008152;!GO:0050789! EC:1! 1.44533643013692!comp31341_c0_seq2! comp70682_c0_seq9! tr|B0R171|B0R171_DANRE! Coatomer!protein!complex,!subunit!beta!2! 3.00EU19! coatomer!subunit!beta! GO:0016905;!GO:0030117;!GO:0016192;!GO:0006886;!GO:0030903;!GO:0005198! EC:2.7.11.7! 1.22573168855504!comp29755_c0_seq3! comp70156_c0_seq22! tr|C3YL71|C3YL71_BRAFL! Putative!uncharacterized!protein!! 7.00EU111! sphingomyelin!synthaseUrelated!1Ulike! GO:0030176;!GO:2000303! ! 1.12380023317851!comp16651_c0_seq1! comp66182_c1_seq2! tr|H2M4Z6|H2M4Z6_ORYLA! Uncharacterized!protein!! 1.00EU15! plexin!domainUcontaining!protein!2Ulike! GO:0005737;!GO:0001525;!GO:0005615;!GO:0005923;!GO:0030425;!GO:0005886;!GO:0005515;!GO:0016021;!GO:0043025!
! 1.04428229558144!
!!!!!!!!!!!
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Table&6.7.&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#sordida#and!R.#tardigrada#with!ω!>!1,!in!descending!order!of!dN/dS!ratio.&
R.#sordida#
transcript! R.#tardigrada#transcript! Top&blastx&hit! Top&blastx&description! Top&blastx&
e5
value!
Blast2Go&annotation! GO&categories! EC&
numbers! dN/dS&ratio&
comp38555_c1_seq2! comp66334_c0_seq2! tr|H2Y9P8|H2Y9P8_CIOSA! ! 5.00EU26! disabled!homolog!2Ulike! GO:0016358;!GO:0021942;!GO:0043005;!GO:0007219;!GO:0051645;!GO:0016020;!GO:0097477;!GO:0048712;!GO:0021589;!GO:0050771;!GO:0006898;!GO:0007162;!GO:0005543;!GO:0007494;!GO:0021813;!GO:0005829;!GO:0007628;!GO:0043548;!GO:0042169;!GO:0046426;!GO:0007264;!GO:0043025;!GO:0021517;!GO:0045860;!GO:0005903;!GO:0042493;!GO:0014069;!GO:0045666;!GO:0045177;!GO:0048471!
! 1.50183066824754!
comp40589_c0_seq7! comp64735_c0_seq2! tr|I1GE48|I1GE48_AMPQE! ! 2.00EU16! tumor!suppressor!candidate!3Ulike! GO:0015693;!GO:0050890;!GO:0005886;!GO:0045454;!GO:0008250;!GO:0015095;!GO:0016021;!GO:0005739!
! 1.45134235025666!
comp11417_c0_seq1! comp38500_c0_seq1! sp|Q8K4I6|CBY1_RAT! Protein!chibby!homolog!1!! 5.00EU12! protein!chibby!homolog!1! GO:0005802;!GO:0055007;!GO:0016607;!GO:0090090;!GO:0045892;!GO:0005794;!GO:0045444;!GO:0042802;!GO:0008104;!GO:0042384;!GO:0008013;!GO:0005932!
! 1.40306326977197!
comp615706_c0_seq1! comp895073_c0_seq1! tr|B7QJ35|B7QJ35_IXOSC! DNA!polymerase!gamma,!putative!! 5.00EU17! dna!polymerase!subunit!gammaU1! GO:0005743;!GO:0003887;!GO:0005760;!GO:0042645;! EC:2.7.7.7! 1.34906041045707!
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GO:0006264;!GO:0003677;!GO:0002020;!GO:0000731;!GO:0006298;!GO:0006287;!GO:0007568;!GO:0004527;!GO:0003682!comp25880_c0_seq1! comp63114_c1_seq1! tr|F7AHN4|F7AHN4_MONDO! Uncharacterized!protein!! 2.00EU24! phospholipase!d1! GO:0004620;!GO:0016042;!GO:0007264;!GO:0046474;!GO:0005543;!GO:0005768;!GO:0042221;!GO:0008081;!GO:0031090;!GO:0040011;!GO:0012505;!GO:0044431;!GO:0005783!
EC:3.1.4! 1.33865331232539!
comp42907_c4_seq4! comp52788_c0_seq1! tr|D2A3X3|D2A3X3_TRICA! Putative!uncharacterized!protein! 3.00EU66! alkyl!hydroperoxide!thiol!specific! GO:0005829;!GO:0042744;!GO:0005875;!GO:0055114;!GO:0008340;!GO:0042594;!GO:0008354;!GO:0004602;!GO:0045454;!GO:0007155;!GO:0007281;!GO:0008379;!GO:0006974!
EC:1.11.1.9! 1.29710421894803!
comp603281_c0_seq1! comp1235822_c0_seq1! tr|G3Q702|G3Q702_GASAC! Uncharacterized!protein! 1.00EU25! carboxypeptidase!z! GO:0072657;!GO:0004181;!GO:0042043;!GO:0008270;!GO:0003214;!GO:0006508;!GO:0007155;!GO:0050839;!GO:0030070;!GO:0005794!
EC:3.4.17! 1.27763940830553!
comp39264_c2_seq1! comp63496_c0_seq3! tr|F1SU03|F1SU03_PIG! Uncharacterized!protein!! 2.00EU17! basement!membraneUspecific!heparan!sulfate!proteoglycan!core!protein!
GO:0048513;!GO:0044767;!GO:0043170;!GO:0009987! ! 1.27346751366318!
comp29446_c0_seq1! comp61720_c0_seq3! tr|G7WB88|G7WB88_DESOD! Lysophospholipase! 2.00EU56! lysophospholipase! GO:0016787! EC:3! 1.23588001762973!comp42780_c1_seq1! comp18431_c0_seq1! tr|K1QUN3|K1QUN3_CRAGI! ! 2.00EU18! zinc!transporter!8! GO:0008324;!GO:0055085;!GO:0040010;!GO:0006812;!GO:0032440;!GO:0016021;!GO:0055114!
EC:1.3.1.74! 1.21955582923836!
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comp551473_c0_seq1! comp1020737_c0_seq1! sp|Q6TUI4|DICER_BOVIN! Endoribonuclease!Dicer!! 3.00EU13! endoribonuclease!dicer!isoform!1! GO:0021522;!GO:0008026;!GO:0031069;!GO:0071335;!GO:0055013;!GO:0048754;!GO:2000630;!GO:0004525;!GO:0030422;!GO:0046872;!GO:0021987;!GO:0005829;!GO:0048713;!GO:0010070;!GO:0045069;!GO:0051726;!GO:0009791;!GO:0006200;!GO:0035264;!GO:0032290;!GO:0051607;!GO:0045664;!GO:0045944;!GO:0021591;!GO:0003725;!GO:0031054;!GO:0048536;!GO:0014040;!GO:0021889;!GO:0031643;!GO:0048812;!GO:0005515;!GO:0000122;!GO:0005524;!GO:0060119;!GO:0035198;!GO:0010626;!GO:0030423;!GO:0051225;!GO:0035279;!GO:0001525;!GO:0021675;!GO:0035116;!GO:0043066;!GO:0016442;!GO:0070883;!GO:0019827;!GO:0060576;!GO:0030324;!GO:0070173!
EC:3.1.26.3! 1.21051945208396!
comp21312_c0_seq1! comp421275_c0_seq1! tr|E1C7I3|E1C7I3_CHICK! Uncharacterized!protein! 1.00EU40! histamine!h3!receptorUlike! GO:0004930;!GO:0007165! ! 1.20185574584911!comp42822_c1_seq6! comp64466_c0_seq8! tr|E5SB51|E5SB51_TRISP! ! 1.00EU23! zinc!transporter!10! GO:0016021;!GO:0008324;!GO:0006812;!GO:0055085! ! 1.19848060541822!comp43265_c4_seq3! comp61509_c0_seq1! tr|B3S3S4|B3S3S4_TRIAD! Putative!uncharacterized!protein!! 1.00EU22! fasUassociated!factor!1Ulike! GO:0048731;!GO:0042176;!GO:0007253;!GO:0043161;!GO:0019901;!GO:0045859;!GO:0031265;!GO:0030155;!GO:0043130;!GO:0005829;!GO:0031072;!GO:0019904;!
! 1.19672522776457!
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GO:0005635;!GO:0031625;!GO:0031334;!GO:0043065;!GO:0034098;!GO:0019887;!GO:0051059;!GO:0048471!comp559511_c0_seq1! comp51836_c0_seq1! tr|F8NHR5|F8NHR5_SERL9! Putative!uncharacterized!protein!! 9.00EU11! zinc!finger!protein!835!isoform!1! GO:0003676;!GO:0046872! ! 1.19530770615248!comp26450_c0_seq1! comp43805_c0_seq1! tr|H2WI53|H2WI53_CAEJA! Uncharacterized!protein!! 9.00EU32! ifaU!partial! GO:0009792;!GO:0002119;!GO:0007126;!GO:0005882;!GO:0040010;!GO:0005198! ! 1.18017259006931!comp24254_c0_seq2! comp1660_c0_seq1! tr|A7T1N0|A7T1N0_NEMVE! Predicted!protein!! 2.00EU25! transient!receptor!potential!cation!channel!subfamily!m!member!1! GO:0044763;!GO:0044765;!GO:0005216;!GO:0016020!! ! 1.17097070685493!comp15643_c0_seq1! comp49807_c1_seq1! sp|Q6NY98|MCE1_DANRE! mRNAUcapping!enzyme!! 3.00EU40! mrnaUcapping!enzyme! GO:0035335;!GO:0019048;!GO:0004651;!GO:0006370;!GO:0004725;!GO:0008138;!GO:0004484;!GO:0005654;!GO:0005525;!GO:0006366!
EC:3.1.3.33;!EC:3.1.3.48;!EC:2.7.7.50!
1.1662104837749!
comp499193_c0_seq1! comp46264_c0_seq1! tr|G3RCJ3|G3RCJ3_GORGO! Uncharacterized!protein! 2.00EU22! protein!kinase!c!theta!type!isoform!2! GO:0006955;!GO:0044464;!GO:0044260;!GO:0044707;!GO:0002684;!GO:0019538;!GO:0009605;!GO:0007166;!GO:0048583;!GO:0050865;!GO:0048522;!GO:0051239;!GO:0016301;!GO:0005488;!GO:0009611!
! 1.16175594391885!
comp41080_c0_seq2! comp66808_c1_seq12! tr|D2A4S3|D2A4S3_TRICA! Putative!uncharacterized!protein!! 7.00EU63! rasUrelated!protein!rabU35! GO:0000910;!GO:0045171;!GO:0006909;!GO:0005739;!GO:0007264;!GO:0045202;!GO:0005905;!GO:0019003;!GO:0005546;!GO:0016197;!GO:0031253;!GO:0043025;!GO:0003924;!GO:0005811;!GO:0045334;!GO:0015031;!
! 1.15060210776449!
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GO:0005525!comp36834_c0_seq4! comp55191_c0_seq1! tr|B3NLD7|B3NLD7_DROER! GG21085!! 1.00EU19! cytoplasmic!linker!protein!isoform!q! GO:0005875;!GO:0005794;!GO:0045169;!GO:0000776;!GO:0003779;!GO:0051010;!GO:0035371;!GO:0005938;!GO:0007349;!GO:0007017;!GO:0005876!
! 1.13938984087200!
comp41046_c2_seq2! comp24512_c0_seq1! tr|E0VJ68|E0VJ68_PEDHC! Leucine!zipperUEFUhandUcontaining!transmembrane!protein!1,!putative!!
3.00EU23! letm1!and!efUhand!domainUcontaining!protein!anonU!mitochondrialUlike!
GO:0005509;!GO:0016021;!GO:0005739! ! 1.13698032579871!
comp33889_c0_seq2! comp57803_c0_seq1! tr|K7ITZ7|K7ITZ7_NASVI! ! 5.00EU46! zinc!metalloproteinase!nasU13Ulike! GO:0004222;!GO:0006508;!GO:0008270! EC:3.4.24! 1.13475545448962!comp30602_c1_seq1! comp56211_c0_seq1! tr|B9N0M4|B9N0M4_POPTR! Predicted!protein!! 2.00EU13! tpa:!uUbox!domain!protein!kinase!family! GO:0016567;!GO:0004842;!GO:0016772;!GO:0000166;!GO:0000151! EC:6.3.2.19;!EC:2.7! 1.13343135722233!comp36623_c0_seq1! comp39298_c0_seq1! tr|D7T1R5|D7T1R5_VITVI! Putative!uncharacterized!protein! 4.00EU10! protein! GO:0008270;!GO:0044435;!GO:0016874;!GO:0016020! EC:6! 1.13225979710836!comp8953_c0_seq1! comp569673_c0_seq1! tr|A7RP74|A7RP74_NEMVE! Predicted!protein! 1.00EU14! symplekin! GO:0005923;!GO:0005856;!GO:0005730;!GO:0006378;!GO:0007155;!GO:0005515;!GO:0035307;!GO:0005654;!GO:0005737;!GO:0005886!
! 1.13168062422103!
comp38206_c1_seq1! comp63716_c0_seq2! tr|E1ZY63|E1ZY63_CAMFO! Monocarboxylate!transporter!12!! 4.00EU45! monocarboxylate!transporter! GO:0055085;!GO:0016021! ! 1.13112105264302!comp40804_c0_seq3! comp70597_c1_seq1! tr|A8WU67|A8WU67_CAEBR! Protein!CBRUIFBU1!! 2.00EU46! cytoplasmic!intermediate!filament!protein! GO:0048856;!GO:0007275;!GO:0044767;!GO:0044424! ! 1.12638107804157!comp24711_c0_seq1! comp51640_c0_seq1! tr|F7DV78|F7DV78_XENTR! Uncharacterized!protein!! 1.00EU14! leucineUrich!repeatUcontaining!protein!34! GO:0008773! EC:2.7.7.59! 1.12107186012819!comp36162 comp62467_c0 tr|K7IZ87|K7 ! 1.00EU chymotrypsin!inhibitor! GO:0004867;!GO:0005615;! ! 1.120018
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_c0_seq2! _seq2! IZ87_NASVI! 07! precursor! GO:0019870;!GO:0010466;!GO:0042151;!GO:0033644;!GO:0044562;!GO:0007596! 11981912!comp36008_c0_seq1! comp62312_c0_seq1! tr|I1FKG1|I1FKG1_AMPQE! Uncharacterized!protein!! 2.00EU63! phosphoglycerate!mutase! GO:0010363;!GO:0009963;!GO:0006612;!GO:0016310;!GO:0016301;!GO:0010583;!GO:0009407!
! 1.11626644541564!
comp42313_c2_seq5! comp69889_c0_seq7! tr|I1EAW3|I1EAW3_AMPQE! Uncharacterized!protein!! 5.00EU24! crebUbinding!protein! GO:0008270;!GO:0006355;!GO:0000123;!GO:0004402;!GO:0016573;!GO:0003713! EC:2.3.1.48! 1.11426183664249!comp42028_c0_seq3! comp56011_c0_seq2! tr|H9KPP9|H9KPP9_APIME! ! 2.00EU17! ceramide!kinase! GO:0005488;!GO:0016301;!GO:0044424;!GO:0044237! ! 1.10682412477601!comp8027_c0_seq1! comp564153_c0_seq1! tr|D2A035|D2A035_TRICA! Putative!uncharacterized!protein!! 2.00EU34! zinc!transporter!9! GO:0005385;!GO:0072511;!!GO:0071577;!GO:0005856;!GO:0045944;!GO:0016021;!GO:0030374;!GO:0000166;!GO:0016922;!GO:0003682;!GO:0005634!
! 1.10378568439996!
comp498159_c0_seq1! comp60548_c0_seq8! tr|E9CG87|E9CG87_CAPO3! Nuclease!Le3!! 1.00EU15! endonuclease!3! GO:0048827;!GO:0009987;!GO:0048437;!GO:0004519;!GO:0048438! ! 1.09662562801359!comp42126_c0_seq34! comp68643_c0_seq8! tr|E0VW67|E0VW67_PEDHC! Denn!domainUcontaining!protein,!putative!! 3.00EU52! denn!domainUcontaining!protein!1b!isoform!1! GO:0030136;!GO:0017112;!GO:0005829;!GO:0015031! ! 1.09297460960367!comp39232_c0_seq2! comp53709_c0_seq1! tr|C3ZRZ2|C3ZRZ2_BRAFL! Putative!uncharacterized!protein!! 1.00EU45! transmembrane!protease!serine!4! GO:0016020;!GO:0005044;!GO:0006508;!GO:0004252! EC:3.4.21! 1.08907280455344!comp36138_c0_seq2! comp58643_c0_seq1! tr|I3K4L4|I3K4L4_ORENI! Uncharacterized!protein!! 1.00EU51! carbonic!anhydrase!4Ulike! GO:0005737;!GO:0005886;!GO:0006730;!GO:0004089;!GO:0016021;!GO:0008270! EC:4.2.1.1! 1.07498988409096!comp36039_c0_seq1! comp41999_c0_seq1! tr|B1XLC1|B1XLC1_SYNP2! ! 1.00EU53! 5!Unucleotidase! GO:0009166;!GO:0008253! EC:3.1.3.5! 1.07371715439277!comp26050 comp57761_c0 tr|J9K0N3|J9 Uncharacterized! 2.00EU h+!transporting!atp! GO:0008553;!GO:0015986;! EC:3.6.3.6! 1.072773
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_c0_seq1! _seq1! K0N3_ACYPI! protein!! 10! synthase!subunit!e! GO:0005811;!GO:0000276! 92632054!comp36167_c0_seq1! comp12243_c0_seq1! tr|E9GYA4|E9GYA4_DAPPU! Putative!uncharacterized!protein!! 6.00EU57! monocarboxylate!transporter!1! GO:0016021;!GO:0055085! ! 1.06855253982387!comp42290_c0_seq5! comp54257_c0_seq2! tr|H9GN73|H9GN73_ANOCA! P2X!purinoceptor! 8.00EU16! p2x!purinoceptor!4! GO:0010524;!GO:0035590;!GO:0042803;!GO:0001894;!GO:0002028;!GO:0097190;!GO:0005507;!GO:0045429;!GO:0014069;!GO:0034405;!GO:0004931;!GO:0005102;!GO:0042311;!GO:0019233;!GO:0008217;!GO:0055117;!GO:0060079;!GO:0010614;!GO:0030054;!GO:0051260;!GO:0008144;!GO:0050850;!GO:0043195;!GO:0005887;!GO:0048471;!GO:0008270;!GO:0005524;!GO:0055119;!GO:0045296;!GO:0042118;!GO:0045177;!GO:0001614;!GO:0032308;!GO:0043025;!GO:0043197;!GO:0019228;!GO:0033198!
! 1.06645748469486!
comp35842_c0_seq1! comp58278_c0_seq1! tr|D2V7W6|D2V7W6_NAEGR! Histone!H2A!! 1.00EU36! histone!h2a! GO:0000786;!GO:0006281;!GO:0003677;!GO:0006334;!GO:0046982;!GO:0005634! ! 1.06396499201342!comp25681_c1_seq3! comp34706_c0_seq1! tr|C5YDX9|C5YDX9_SORBI! Putative!uncharacterized!protein!! 7.00EU09! calmodulinUlike!3! GO:0005509! ! 1.05627019572510!comp35762_c0_seq2! comp62591_c1_seq2! tr|J9JPD0|J9JPD0_ACYPI! ! 1.00EU10! isoform!b! GO:0005705;!GO:0006355;!GO:0050821;!GO:2000495;!GO:0048471;!GO:0005634! ! 1.05578084246534!comp36985_c0_seq1! comp64858_c0_seq2! tr|F7HDR7|F7HDR7_MAC P2X!purinoceptor! 2.00EU52! p2x!purinoceptor!1! GO:0045121;!GO:0051291;!GO:0043005;!GO:0031240;! ! 1.05424098532780!
!! 151!
MU! GO:0030168;!GO:0004931;!GO:0008270;!GO:0005262;!GO:0008144;!GO:0033198;!GO:0043270;!GO:0007320;!GO:0046513;!GO:0006919;!GO:0003056;!GO:0051924;!GO:0035249;!GO:0045211;!GO:0001614;!GO:0043234;!GO:0002554;!GO:0035590;!GO:0019228;!GO:0070588;!GO:0051260;!GO:0005887;!GO:0005524;!GO:0008217!comp33107_c0_seq1! comp66717_c0_seq3! tr|B4I0T8|B4I0T8_DROSE! GM12376!! 5.00EU31! heparanUalphaUglucosaminide!nUacetyltransferaseUlike! GO:0030001;!GO:0046872! ! 1.05419192463251!comp22227_c0_seq1! comp622222_c0_seq1! tr|K1R247|K1R247_CRAGI! ! 3.00EU42! condensin!complex!subunit!1! GO:0007076;!GO:0005694;!GO:0005634;!GO:0005829;!GO:0051301! ! 1.05107587472505!comp33717_c0_seq1! comp66466_c3_seq9! tr|K1PNF3|K1PNF3_CRAGI! ! 3.00EU14! pdz!domain!protein! GO:0005080;!GO:0031143;!GO:0008270;!GO:0003712;!GO:0045214;!GO:0001942;!GO:0035019;!GO:0030274;!GO:0005667;!GO:0010669;!GO:0005856;!GO:0051371;!GO:0030018;!GO:0045944;!GO:0048471;!GO:0044089;!GO:0005634!
! 1.04982628493748!
comp39104_c0_seq4! comp61646_c0_seq2! tr|C3ZKQ9|C3ZKQ9_BRAFL! Putative!uncharacterized!protein!! 3.00EU23! isoform!d! GO:0050794! ! 1.04945738749871!!comp37762_c0_seq4! comp61600_c0_seq1! tr|K1QV51|K1QV51_CRAGI! ! 4.00EU19! microtubuleUassociated!protein!2! GO:0035085;!GO:0001764;!GO:0006921;!GO:0034399;!GO:0019901;!GO:0030426;!GO:0045298;!GO:0005829;!GO:0007628;!GO:0005874;!
! 1.04709778017539!
!! 152!
GO:0008017;!GO:0045773;!GO:0071813;!GO:0030424;!GO:0005875;!GO:0008088;!GO:0047497;!GO:0032387;!GO:0060632;!GO:0005886;!GO:0031116;!GO:0017124;!GO:0034185;!GO:0005200;!GO:0010506!comp29608_c1_seq1! comp61746_c1_seq1! tr|K1QLT5|K1QLT5_CRAGI! ! 1.00EU37! phospholipase!membraneUassociatedUlike! GO:0001523;!GO:0060314;!GO:0016529;!GO:0086004;!GO:0090534;!GO:0086092;!GO:0016042;!GO:1901077;!GO:0004622;!GO:0004623;!GO:0046474;!GO:0016021;!GO:0086023;!GO:0048738;!GO:0036151;!GO:0051926;!GO:0090279;!GO:0010881;!GO:0007603;!GO:0010459;!GO:1901895;!GO:0005246;!GO:0016324;!GO:0042030!
EC:3.1.1.5;!EC:3.1.1.4! 1.04654664152773!
comp30940_c0_seq1! comp60303_c0_seq2! sp|A3KNS9|ARAID_DANRE! AllUtrans!retinoic!acidUinduced!differentiation!factor!
2.00EU27! apoptosisUrelated!protein!3Ulike! GO:0048523;!GO:0051094;!GO:0060255;!GO:0030154;!GO:0030278;!GO:0016020;!GO:0005634!
! 1.04619545755957!
comp22991_c0_seq1! comp41290_c1_seq1! tr|H9KGD6|H9KGD6_APIME! Uncharacterized!protein!! 4.00EU44! potassium!voltageUgated!channel!subfamily!kqt!member!1Ulike! GO:0007267;!GO:0030659;!GO:0048519;!GO:0051046;!GO:0070887;!GO:0051050;!GO:0051018;!GO:0010468;!GO:0086002;!GO:0060306;!GO:0086008;!GO:0071805;!GO:0061337;!GO:0005768;!GO:0008076;!GO:0086013;!GO:0019899!
! 1.04392947300601!
comp28197_c0_seq1! comp66711_c0_seq2! tr|H9K1A0|H9K1A0_APIM Uncharacterized!protein!! 6.00EU36! protein!ubash3a!homolog! GO:0044699;!GO:0050789! ! 1.04373047994739!
!! 153!
E!comp22989_c0_seq1! comp38696_c1_seq1! tr|A7S5P1|A7S5P1_NEMVE! Predicted!protein! 3.00EU14! protein! GO:0007165! ! 1.04316231929718!comp21936_c0_seq1! comp60349_c0_seq1! tr|C6B4K0|C6B4K0_RHILS! ! 2.00EU21! amidohydrolase! GO:0008152;!GO:0047980! EC:3.5.1.32! 1.04100631130101!comp34712_c0_seq1! comp366216_c0_seq1! tr|I7LZQ6|I7LZQ6_TETTS! Uncharacterized!protein!! 9.00EU12! tnf!receptorUassociated!factor!6Ulike! GO:0007166;!GO:0009617;!GO:0006955;!GO:0071310;!GO:0048513;!GO:0046872;!GO:0016567;!GO:0010740;!GO:0030154;!GO:0071902;!GO:0044767;!GO:0006950;!GO:0002682!
! 1.04088685908162!
comp28485_c0_seq1! comp62455_c0_seq3! tr|B7PDF7|B7PDF7_IXOSC! Na+/K+!ATPase,!beta!subunit,!putative! 2.00EU45! na+!k+!beta! GO:0006812;!GO:0016020! ! 1.04078670853358!comp587697_c0_seq1! comp27201_c0_seq1! tr|F2R8G2|F2R8G2_STRVP! UracilUDNA!glycosylase,!family!! 5.00EU13! uracilUdna!glycosylase! GO:0006471;!GO:0003956;!GO:0016798! EC:2.4.2.31;!EC:3.2! 1.03937932987045!comp42509_c0_seq3! comp63407_c0_seq4! tr|G3QA17|G3QA17_GASAC! Uncharacterized!protein!! 3.00EU10! heat!shock!protein!betaU1! GO:0005737;!GO:0005730;!GO:0005819;!GO:0046685;!GO:0009408! ! 1.03428565682542!comp37387_c0_seq6! comp65333_c0_seq1! tr|H3HNC9|H3HNC9_STRPU! Uncharacterized!protein!! 2.00EU40! motile!sperm!domainUcontaining!protein!2! GO:0005198! ! 1.03231351175151!comp40982_c0_seq7! comp54992_c0_seq1! tr|Q17AG5|Q17AG5_AEDAE! AAEL005302UPA!! 2.00EU42! betaU!Ugalactosyltransferase! GO:0003945;!GO:0007291;!GO:0008344;!GO:0007528;!GO:0032580;!GO:0016021;!GO:0046872;!GO:0006486;!GO:0006044;!GO:0009247;!GO:0033842!
EC:2.4.1.90;!EC:2.4.1.244!
1.03116775113833!
comp38416_c0_seq9! comp38223_c0_seq1! sp|Q92982|NINJ1_HUMAN! NinjurinU1!! 4.00EU08! ninjurin!1! GO:0016021;!GO:0007155;!GO:0042246! ! 1.02997707006099!comp9772_c0_seq1! comp44781_c0_seq1! tr|G0MPV5|G0MPV5_CAEB Putative!uncharacterized! 3.00EU27! mitogenUactivated!protein!kinase!kinase! GO:0000166;!GO:0043408;!GO:0032147;!GO:0005737;! EC:2.7.11! 1.02781966656256!
!! 154!
E! protein!! kinase!5! GO:0046872;!GO:0004674;!GO:0042802;!GO:0019899;!GO:0043280;!GO:0034599!comp35276_c0_seq4! comp67833_c0_seq24! tr|H2WI53|H2WI53_CAEJA! Uncharacterized!protein!! 3.00EU32! filament!protein! GO:0007275;!GO:0040007! ! 1.02639793342652!comp39186_c0_seq5! comp62005_c0_seq3! tr|F1ME41|F1ME41_BOVIN! ! 3.00EU14! dynein!light!chain!cytoplasmic! GO:0007018;!GO:0003774;!GO:0042623;!GO:0005868! ! 1.02564494657814!comp40560_c3_seq2! comp60049_c0_seq2! tr|K1Q531|K1Q531_CRAGI! ! 3.00EU22! activating!transcription!factorU!isoform!b! GO:0005704;!GO:0031618;!GO:0030431;!GO:0070829;!GO:0001077;!GO:0002385;!GO:0071470;!GO:0009651;!GO:0005701;!GO:0031453;!GO:0016021;!GO:0043565;!GO:0034605;!GO:0045944;!GO:0042803;!GO:0010866;!GO:0051403!
! 1.02534120344189!
comp40500_c1_seq4! comp65641_c1_seq5! tr|D9SP55|D9SP55_CLOC7! NBUARC!domain!protein!! 3.00EU10! tpr!repeat!containing!protein! GO:0043531;!GO:0005543;!GO:0005871;!GO:0003777! ! 1.02242140392834!comp42597_c3_seq2! comp70354_c0_seq18! tr|I3JZE5|I3JZE5_ORENI! Uncharacterized!protein!! 3.00EU27! target!of!rapamycin!complex!2!subunit!mapkap1Ulike! GO:1901981! ! 1.02095786854481!comp23434_c0_seq1! comp46652_c0_seq2! tr|D7FKZ7|D7FKZ7_ECTSI! Putative!uncharacterized!protein!! 4.00EU20! ubiquitin!family!ring!domainUcontaining!protein! GO:0008270! ! 1.02015636864341!comp38868_c0_seq4! comp19218_c0_seq1! tr|F6UD77|F6UD77_CIOIN! Uncharacterized!protein!! 3.00EU08! ras!subfamily!protein! GO:0005525;!GO:0007264;!GO:0015031! ! 1.01937897402563!comp41751_c0_seq1! comp68333_c0_seq10! tr|H2KT03|H2KT03_CLOSI! Neuronal!calcium!sensor!2!! 7.00EU51! neuronal!calcium!sensor!2! GO:0005509! ! 1.01181653877809!comp20056_c0_seq1! comp793891_c0_seq1! tr|A7RGY9|A7RGY9_NEMVE! Predicted!protein!! 7.00EU19! cysteine!desulfurase! GO:0008152;!GO:0031071;!GO:0030170! EC:2.8.1.7! 1.00937911444528!comp34044_c0_seq10! comp58478_c0_seq1! tr|E2AA40|E2AA40_CAMFO! Muscle!LIM!protein!Mlp84B!! 6.00EU07! cysteine!and!glycineUrich!protein!2! GO:0046872;!GO:0044699;!GO:0032502! ! 1.00552683576529!
!! 155!
comp21392_c0_seq1! comp63889_c0_seq2! tr|E2B080|E2B080_CAMFO! Transmembrane!protein!120Ulike!protein!! 1.00EU12! transmembrane!protein!120!homolog! GO:0016021! ! 1.00408041243777!comp43200_c0_seq2! comp62072_c0_seq5! sp|Q3ED15|WAXSA_ARATH! Putative!longUchainUalcohol!OUfattyUacyltransferase!10!
5.00EU12! probable!longUchainUalcohol!oUfattyUacyltransferase!5Ulike! GO:0016020;!GO:0016740! EC:2! 1.00090810700323!
!!!!!!!!!!!!!!!!!!!!!!
!! 156!
Table&6.8.&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!all!four!Rotaria#species!with!support!for!model!M2a!as!a!better!fit!than!M1a,!sorted!by!ascending!pUvalue!for!likelihood!ratio!test.&
R.#
magnacalc
arata#
transcript&
R.#socialis#
transcript&
R.#sordida#
transcript#
R.#
tardigrada#
transcript&
top&blastx&
hit&
top&blastx&
description&
top&
blastx&
e5
value&
Blast2Go&
annotation&
GO&categories& EC&
numbers&
p5value&
comp28076_c0_seq3! comp28316_c0_seq23! comp38377_c0_seq5! comp68364_c2_seq6! tr|C3XTX1|C3XTX1_BRAFL! Putative!uncharacterized!protein!! 9.00EU78! programmed!cell!death!protein!6Ulike! GO:0005509! ! 0.001!comp1228_c0_seq1# comp511224_c0_seq1# comp32387_c0_seq1# comp712_c0_seq1# tr|F6U0L6|F6U0L6_XENTR& Uncharacterized!protein& 6.00EU77& dna!polymerase!gamma& GO:0003887;!GO:0006260;!GO:0003677;!GO:0005760& EC:2.7.7.7& 0.003!&comp26874_c0_seq1# comp29638_c0_seq4# comp36947_c0_seq4# comp68323_c0_seq6# tr|H2LVE7|H2LVE7_ORYLA& & 9.00EU64& riboflavin!transporter!2Ulike& GO:0044699;!GO:0005886;!GO:0006810;!GO:0016021& & 0.003&comp29420_c0_seq1# comp32749_c0_seq1# comp34785_c0_seq1# comp61148_c0_seq3# tr|J9JPD0|J9JPD0_ACYPI& & 5.00EU14& myeloid!leukemia!factorUlike& GO:0005705;!GO:0006355;!GO:0050821;!GO:2000495;!GO:0048471;!GO:0005634& & 0.004!comp33085_c0_seq2# comp732872_c0_seq1# comp38794_c0_seq1# comp66453_c0_seq1# tr|C3YEF9|C3YEF9_BRAFL& Putative!uncharacterized!protein!& 7.00EU44& matrix!metalloproteinaseU16Ulike& GO:0046872;!GO:0008237& & 0.005!comp29505_c0_seq2! comp34670_c0_seq7! comp36654_c0_seq2! comp59155_c0_seq3! tr|G1PMY6|G1PMY6_MYOLU! Folylpolyglutamate!synthase!! 2.00EU109! folylpolyglutamate!mitochondrial! GO:0004326;!GO:0006730;!GO:0046901;!GO:0005524! EC:6.3.2.17! 0.006!comp31020_c0_seq5! comp8187_c0_seq1! comp41737_c0_seq11! comp66760_c0_seq8! tr|F7EM48|F7EM48_CALJA! Uncharacterized!protein!! 2.00EU67! zinc!transporter!zip9!isoform!1! GO:0016021;!GO:0046873;!GO:0006829;!GO:0055085! ! 0.007!comp32103_c0_seq48! comp38233_c2_seq1! comp41268_c1_seq32! comp69542_c2_seq6! tr|Q2LZS0|Q2LZS0_DROPS! GA16892! 2.00EU43! alan!isoform!a! GO:0000166;!GO:0042332;!GO:0003729! ! 0.007!comp22811_c0_seq2! comp9397_c0_seq1! comp42606_c0_seq4! comp70218_c0_seq3! tr|C3YCJ1|C3YCJ1_BRAFL! Putative!uncharacterized!protein!! 4.00EU75! dihydropyrimidine!dehydrogenase! GO:0006214;!GO:0050660;!GO:0006145;!GO:0051539;!GO:0002058;!GO:0050661;!GO:0009055;!GO:0004158;!
EC:1.3.3.1;!EC:1.3.1.2! 0.007!
!! 157!
GO:0005829;!GO:0046872;!GO:0019483;!GO:0006212;!GO:0042493;!GO:0006222;!GO:0055114;!GO:0042803;!GO:0017113;!GO:0006210;!GO:0007584;!GO:0007623!comp32514_c0_seq2! comp36959_c0_seq1! comp40641_c1_seq4! comp67818_c0_seq2! tr|H3B8E9|H3B8E9_LATCH! Uncharacterized!protein!! 4.00EU122! protein!phosphatase!slingshot!homolog!1!
GO:0008138;!GO:0030027;!GO:0004725;!GO:0008064;!GO:0005737;!GO:0003779;!GO:0035335;!GO:0032154;!GO:0003677;!GO:0005856;!GO:0010591;!GO:0030496;!GO:0032268;!GO:0071318;!GO:0005886;!GO:0050770!
EC:3.1.3.48! 0.010!
comp30514_c0_seq3! comp36993_c0_seq5! comp34457_c0_seq1! comp57646_c0_seq1! tr|A7S726|A7S726_NEMVE! Predicted!protein!! 2.00EU48! suppressor!of!g2!allele!of!skp1!homolog! GO:0045087;!GO:0000776;!GO:0007067;!GO:0005634;!GO:0005829;!GO:0035872;!GO:0000151!
! 0.011!!
comp26135_c0_seq5! comp46168_c0_seq1! comp39374_c0_seq2! comp65178_c1_seq2! sp|P18253|CYPH_SCHPO! PeptidylUprolyl!cisUtrans!isomerase!!
3.00EU85! peptidylUprolyl!cisUtrans!isomerase! GO:0006457;!GO:0000413;!GO:0003755;!GO:0005622! EC:5.2.1.8! 0.013!comp26974_c0_seq1! comp36117_c0_seq2! comp33073_c0_seq3! comp59640_c0_seq2! tr|C3Y0J3|C3Y0J3_BRAFL! Putative!uncharacterized!protein!! 7.00EU71! maguk!p55!subfamily!member!5! GO:0035749;!GO:0070830;!GO:0043234;!GO:0005923;!GO:0035750;!GO:0043220;!GO:0043219;!GO:0090002;!GO:0019904;!GO:0032288;!GO:0012505;!GO:0032287;!GO:0005737;!GO:0005886!
! 0.013!
comp23422_c0_seq1! comp31216_c0_seq3! comp38961_c0_seq2! comp65871_c1_seq1! tr|J9JTG2|J9JTG2_ACYPI! Uncharacterized!protein!! 6.00EU112! dynein!heavy!chain! GO:0006810;!GO:0005515;!GO:0005794;!GO:0034063;!GO:0005874;!GO:0003777;!GO:0030286;!GO:0005813;!GO:0070062;!GO:0016887;!GO:0006200;!GO:0007018;!
EC:3.6.1.3! 0.014!
!! 158!
GO:0005524;!GO:0033962!comp28868_c0_seq1! comp28689_c0_seq1! comp38464_c3_seq5! comp63606_c0_seq1! tr|E4WRD0|E4WRD0_OIKDI! ! 1.00EU52! eukaryotic!translation!initiation!factor!4e!type!3!
GO:0006413;!GO:0019221;!GO:0005845;!GO:0003743;!GO:0006417;!GO:0005829! ! 0.016!comp32407_c0_seq4! comp30851_c0_seq1! comp35626_c0_seq1! comp63618_c0_seq1! tr|G1RXS5|G1RXS5_NOMLE! Uncharacterized!protein!! 5.00EU32! tm2!domainUcontaining!protein!1! GO:0004930;!GO:0005887;!GO:0001540;!GO:0097190;!GO:0007186! ! 0.017!comp29857_c0_seq1! comp25942_c0_seq1! comp36827_c0_seq1! comp67901_c0_seq3! tr|K1QYH5|K1QYH5_CRAGI! ! 1.00EU172! ubiquitin!carboxylUterminal!hydrolase!14!
GO:0006511;!GO:0004221;!GO:0000502;!GO:0008234;!GO:0061136;!GO:0004866;!GO:0045202;!GO:0010951;!GO:0050920;!GO:0009986;!GO:0016023;!GO:0007268;!GO:0070628;!GO:0005886!
EC:3.1.2.15! 0.017!
comp22651_c1_seq1! comp289494_c0_seq1! comp28350_c0_seq2! comp64375_c0_seq8! tr|K7J1M5|K7J1M5_NASVI! ! 3.00EU109! lipase!maturation!factor!2Ulike! GO:0016021;!GO:0005789! ! 0.022!comp32907_c0_seq1! comp38099_c0_seq1! comp36826_c0_seq1! comp69155_c0_seq1! tr|Q17J63|Q17J63_AEDAE! AAEL002128UPA!! 2.00EU58! transmembrane!protease!serine!13! GO:0016020;!GO:0006508;!GO:0004252! EC:3.4.21! 0.024!comp26113_c0_seq1! comp31432_c0_seq1! comp29610_c0_seq1! comp69848_c0_seq3! tr|F7AZ47|F7AZ47_CIOIN! Uncharacterized!protein!! 1.00EU50! fibropellinU1U!partial! GO:0044699;!GO:0032502! ! 0.028!comp30120_c0_seq2! comp34432_c0_seq2! comp41806_c0_seq1! comp65595_c0_seq8! tr|G4VNB4|G4VNB4_SCHMA! Ceramidase!! 7.00EU19! ferricUchelate!reductase!1! GO:0017040! EC:3.5.1.23! 0.029!comp28753_c1_seq1! comp35387_c0_seq2! comp29608_c2_seq1! comp61746_c0_seq2! sp|Q3TTY0|PLB1_MOUSE! Phospholipase!B1,!membraneUassociated!!
3.00EU54! phospholipase!membraneUassociated! GO:0031526;!GO:0086092;!GO:0016324;!GO:0016529;!GO:0016042;!GO:0046474;!GO:0090279;!GO:0048738;!GO:0042572;!GO:0036151;!GO:0004623;!GO:1901077;!GO:0060314;!GO:1901895;!GO:0005246;!GO:0007603;!
EC:3.1.1.4;!EC:3.1.1.5! 0.031!
!! 159!
GO:0010459;!GO:0010881;!GO:0086023;!GO:0050253;!GO:0042030;!GO:0016021;!GO:0004622;!GO:0090534;!GO:0051926;!GO:0086004!comp33009_c2_seq3! comp36239_c0_seq5! comp34567_c0_seq3! comp70285_c0_seq2! tr|B7PGR0|B7PGR0_IXOSC! Ubiquitin!carboxylUterminal!hydrolase!!
5.00EU74! ubiquitin!carboxylUterminal!hydrolase!22!
GO:0043967;!GO:0008270;!GO:0010485;!GO:0000124;!GO:0045931;!GO:0006511;!GO:0016574;!GO:0004843;!GO:0016578;!GO:0004221;!GO:0045893;!GO:0030374!
EC:3.1.2.15! 0.033!
comp36059_c0_seq1! comp33832_c1_seq1! comp33730_c0_seq1! comp58186_c0_seq3! tr|B7PPW8|B7PPW8_IXOSC! Secreted!protein,!putative! 3.00EU29! cdgsh!ironUsulfur!domainUcontaining!protein!mitochondrialUlike!
GO:0051537;!GO:0043231! ! 0.034!
comp26229_c0_seq1! comp13336_c0_seq1! comp34184_c0_seq1! comp68785_c2_seq4! tr|B4JNN2|B4JNN2_DROGR! GH24851!! 6.00EU161! membrane!metalloUendopeptidaseUlike!1Ulike!
GO:0016021;!GO:0004222;!GO:0006508! EC:3.4.24! 0.035!
comp27195_c0_seq1! comp32211_c0_seq1! comp33570_c0_seq1! comp62271_c0_seq5! tr|D7FIN3|D7FIN3_ECTSI! Microsomal!Glutathione!SUtransferase!
4.00EU38! microsomal!glutathione!sUtransferase!3Ulike!protein!
GO:0016740! ! 0.035!
comp19314_c0_seq3! comp36608_c2_seq1! comp32599_c0_seq3! comp64520_c0_seq1! tr|H2YFB0|H2YFB0_CIOSA! ! 5.00EU176! phosphoacetylglucosamine!mutase! GO:0004610;!GO:0005829;!GO:0030097;!GO:0005975;!GO:0019255;!GO:0007283;!GO:0006048;!GO:0000287;!GO:0004614;!GO:0009790!
EC:5.4.2.3;!EC:5.4.2.2! 0.037!
comp31928_c0_seq1! comp35928_c0_seq18! comp35691_c1_seq1! comp60297_c0_seq3! tr|E0VUG1|E0VUG1_PEDHC! Putative!uncharacterized!protein!! 4.00EU11! lysm!and!peptidoglycanUbinding!domainUcontaining!
GO:0016998! ! 0.039!
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protein!1Ulike!comp29583_c0_seq1! comp24178_c0_seq1! comp29507_c0_seq1! comp65987_c0_seq2! tr|K1QLT5|K1QLT5_CRAGI! ! 5.00EU92! phospholipase!membraneUassociatedUlike! GO:0031526;!GO:0086092;!GO:0016324;!GO:0016529;!GO:0016042;!GO:0046474;!GO:0090279;!GO:0048738;!GO:0042572;!GO:0036151;!GO:0004623;!GO:1901077;!GO:0060314;!GO:1901895;!GO:0005246;!GO:0007603;!GO:0010459;!GO:0010881;!GO:0086023;!GO:0050253;!GO:0042030;!GO:0016021;!GO:0004622;!GO:0090534;!GO:0051926;!GO:0086004!
EC:3.1.1.4;!EC:3.1.1.5! 0.040!
comp21786_c1_seq1! comp16751_c0_seq1! comp40980_c5_seq2! comp62506_c0_seq3! tr|K1QVP2|K1QVP2_CRAGI! ! 9.00EU06! retinal!homeobox!protein!rx1Ulike!
GO:0060173;!GO:0021854;!GO:0006355;!GO:0060219;!GO:0010842;!GO:0043565;!GO:0003700;!GO:0007389;!GO:0005634!
! 0.041!
comp472256_c0_seq1! comp1113859_c0_seq1! comp42711_c0_seq1! comp62056_c0_seq2! tr|C7PPY6|C7PPY6_CHIPD! Glycosyl!hydrolase!family!88!! 5.00EU81! glycosyl!hydrolase!family!88! GO:0008152;!GO:0016787! EC:3! 0.044!comp18848_c0_seq1! comp19308_c0_seq2! comp42689_c2_seq4! comp70498_c0_seq8! tr|H2XV68|H2XV68_CIOIN! Uncharacterized!protein!! 2.00EU55! upf0663!transmembrane!protein!c17orf28!homolog!isoform!1!
GO:0005797;!GO:0000138;!GO:0005886;!GO:0090498;!GO:0006886;!GO:0031001;!GO:0005881!
! 0.047!
comp31284_c0_seq3! comp32590_c0_seq1! comp33672_c0_seq1! comp68834_c0_seq1! tr|K1P8Z2|K1P8Z2_CRAGI! ! 0! histidineUUtrna!cytoplasmic!isoform!1! GO:0005737;!GO:0006427;!GO:0005524;!GO:0004821! EC:6.1.1.21! 0.048!!!!
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Discussion(!Selection!scans!of!transcript!level!data!can!be!a!powerful!tool!for!uncovering!candidate!genes!underlying!adaptive!species!differences.!Using!a!combination!of!pairwise!species!comparisons!and!comparisons!of!orthologs!present!in!all!four!
Rotaria'species!analysed!I!have!identified!a!number!of!potential!candidates!for!species!differences!in!a!diverse!genus!of!bdelloid!rotifers.!The!morphological!and!ecological!differences!between!these!species!are!clear:!each!species!varies!in!terms!of!feeding!apparatus!shape!and!size!(Fontaneto!et!al.,!2004)!and!in!exposure!to!desiccation!and!therefore!in!their!desiccation!tolerance!(chapter!4).!In!cases!where!transcripts!could!be!annotated!with!a!putative!function!we!can!consider!what!phenotypic!differences!might!be!related!to!these!targets!of!selection.!!
R.'magnacalcarata'and!R.'socialis'are!sister!species!(Fontaneto!et!al.,!2007)!and!live!as!epibionts!on!the!waterlouse!Asellus'aquaticus;!both!species!live!on!the!ventral!side!of!the!waterlouse,!but!while!R.'socialis'is!found!at!the!sides,!close!to!the!legs,!R.'magnacalcarata'is!distributed!towards!the!anterior!median!of!the!host!animal!(Fontaneto!and!Ambrosini,!2010).!Trophi!shape!is!very!similar!in!these!two!species,!but!these!do!differ!with!respect!to!size,!suggesting!that!dietary!differences!might!exist!between!them!(Fontaneto!et!al.,!2004).!Given!their!shared!habitat,!these!two!species!are!likely!to!experience!very!similar!frequencies!of!desiccation,!and!indeed!exhibit!similar!levels!of!desiccation!tolerance!(chapter!4).!Despite!this,!of!the!four!genes!with!ω!>!1!between!these!two!species!that!received!a!GO!annotation!(table!6.2),!two!are!related!to!cellular!osmotic!responses:!aquaporins!are!water!channels,!and!sodium!myoQinositol!cotransporter!is!a!solute!carrier!involved!in!the!cellular!osmotic!stress!response!in!C.'elegans!(KageQNakadai!et!al.,!2011).!The!gene!annotated!as!a!member!of!the!lipolytic!protein!gQdQsQl!family!might!be!a!candidate!for!nutritional!differences!between!R.'magnacalcarata'and!R.'socialis,!as!these!proteins!are!involved!in!the!breakdown!of!a!broad!variety!of!lipids!(Akoh!et!al.,!2004).!!
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R.#sordida,#which!was!sampled!from!dry!moss,!and!R.#tardigrada,!which!was!sampled!from!the!silt!in!a!pond!that!regularly!dries!out,!both!experience!far!more!frequent!desiccation!than!the!aquatic!R.#magnacalcarata#and!R.#socialis,!and!both!exhibit!far!better!desiccation!tolerance!under!experimental!conditions!(chapter!4).#As!such,!we!might!expect!genes!related!to!desiccation!tolerance!to!be!divergent!in!comparisons!of!both!R.#sordida#and!R.#tardigrada#with!R.#
magnacalcarata#and!R.#socialis.#Of!the!four!GODterm!annotated!genes!with!ω!>!1!between!R.#magnacalcarata#and!R.#sordida!(table!6.3),!two!can!be!related!to!the!desiccation!response:!the!mitochondrial!import!inner!membrane!translocase!subunit!tim9!is!an!intermembrane!chaperone,!protecting!hydrophobic!proteins!from!aggregation!(Mühlenbein!et!al.,!2004),!and!exonuclease!1!is!involved!in!double!strand!break!repair!in!organisms!from!yeast!(Tsubouchi!and!Ogawa,!2000)!to!humans!(Bolderson!et!al.,!2010;!Desai!et!al.,!2013).!Of!the!five!GODterm!annotated!genes!with!ω!>!1!between!R.#socialis#and!R.#sordida#(table!6.5),!one!might!relate!to!the!desiccation!response:!methylglyoxal!synthase!catalyses!methylglyoxal!synthesis,!and!methylglyoxal!is!a!cause!of!oxidative!stress!in!cells!(Finkel!and!Holbrook,!2000).!!The!majority!of!other!successfully!annotated!genes!in!pairwise!species!comparisons!appear!to!be!connected!to!signaling,!responses!to!stimuli!and!regulation!of!transcription.!For!example!genes!annotated!as!calmodulin!(a!calcium!binding!messenger!protein),!calmodulin!dependent!protein!kinase!(activated!by!calmodulin),!and!neuronal!calcium!sensor!2!were!identified!as!experiencing!positive!selection!in!R.#magnacalcarata#vs.!R.#socialis,!R.#
magnacalcarata#vs.!R.#sordida!and!R.#socialis#vs.!R.#tardigrada#comparisons!respectively.!Calmodulin!mediates!diverse!processes!from!apoptosis!to!inflammation!and!disease!response,!selection!detected!on!these!genes!could!be!the!result!of!selection!on!response!to!a!broad!range!of!environmental!stimuli.!Selection!on!genes!involved!in!transcriptional!regulation!is!unsurprising:!studies!have!shown!that!mutations!regulating!gene!expression!can!underlie!adaptive!divergence!(Chan!et!al.,!2010;!Rebeiz!et!al.,!2009).!!
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A!higher!proportion!of!orthologs!in!R.#sordida#and!R.#tardigrada#had!an!ω!>!1!(2.63%)!than!in!other!pairwise!species!comparisons!(table!6.1).!As!a!result,!170!genes!shared!between!these!two!species!and!with!ω!>!1!received!a!GO!annotation.!It!is!possible!that!this!inflated!number!of!genes!has!resulted!from!the!higher!relative!abundance!of!multiple!gene!copies!in!the!R.#tardigrada#and!R.#
sordida#transcriptomes!(chapter!4),!which!might!be!leading!to!the!mistaken!comparison!of!paralogous!sequences!in!some!cases.!Because!of!this!it!is!possible!that!the!dataset!comparing!R.#sordida#and!R.#tardigrada#may!contain!some!false!positives;!it!contains!a!number!of!genes!annotated!with!functions!you!might!expect!to!be!under!purifying!selection,!such!as!DNA!polymerase!and!histones.!!!When!examining!the!33!GO!annotated!genes!with!support!for!the!M2a!model!of!evolution!(positive!selection,!ω!allowed!to!exceed!1),!the!predominant!biological!process!GO!terms!are!metabolic!and!biosynthetic!ones!(fig.!6.4),!potentially!indicating!species!differences!in!terms!of!nutrition,!or!alternatively!related!to!the!need!to!restart!cell!biochemistry!and!to!initiate!damage!prevention!and!repair!systems!in!the!face!of!desiccation!stress.!Beyond!these!broadDscale!differences,!a!number!of!genes!might!be!of!interest!for!their!role!in!DNA!repair!or!cellular!responses!to!stress.!One!gene!had!predicted!phosphoacetylglucosamine!mutase!function,!and!phosphoacetylglucosamine!mutase!has!been!linked!to!DNADdamage!repair,!potentially!important!in!desiccation!recovery!in!bdelloids!(Gladyshev!and!Arkhipova,!2010;!Gladyshev!et!al.,!2008).!A!number!of!genes!are!annotated!with!functions!connected!to!apoptosis!(e.g.!“programmed!cell!death!protein!6Dlike”!and!“tm2!domainDcontaining!protein!1”)!or!to!ubiquitination!(e.g.!“ubiquitin!carboxylDterminal!hydrolase”!and!“suppressor!of!g2!allele!of!skp1!homolog”),!which!has!been!linked!to!regulation!of!apoptosis!(Jesenberger!and!Jentsch,!2002).!One!gene,!annotated!as!“microsomal!glutathione!sDtransferase!3Dlike”!may!have!peroxidase!activity,!and!could!be!involved!in!response!to!oxidative!stress.!The!categories!that!these!genes!fall!into:!metabolism,!oxidative!stress!response,!apoptosis!and!DNA!damage!repair,!are!remarkably!similar!to!the!types!of!genes!identified!in!(Boschetti!et!al.,!2011)!as!upregulated!in!A.#ricciae#during!cycles!of!desiccation!and!rehydration.!The!demonstrable!differences!in!desiccation!
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tolerance!of!these!four!species!(chapter!4)!might!well!be!reflected!in!selection!on!genes!involved!in!the!desiccation!response.!!Bdelloid!rotifers!are!ancient!asexuals,!whilst!their!closely!related!relatives!the!monogonont!rotifers!are!facultatively!asexual.!As!a!result,!bdelloid!genomes!are!linked!and!may!experience!ineffective!selection!against!deleterious!mutations,!as!seen!in!the!cytochrome!oxidase!1!gene!(Barraclough!et!al.,!2007).!Comparing!rates!of!synonymous!and!nonDsynonymous!site!divergence!in!bdelloids!and!monogononts!over!whole!transcriptomes!provides!further!support!for!this!idea.!The!monogonont!transcripts!compared!here!were!more!divergent!than!transcripts!compared!between!bdelloid!species!(mean!pairwise!distance!=!0.231!and!0.112!respectively,!MannDWitney!test!p<0.0001!in!all!six!possible!comparisons!between!bdelloid!and!monogonont!pairs),!and!as!a!direct!consequence!monogonont!transcripts!also!had!a!larger!number!of!synonymous!site!substitution!than!bdelloids!(mean!dS!=!1.578!and!0.298!respectively).!However,!despite!this!difference,!bdelloid!and!monogonont!nonDsynonymous!substitutions!were!similar!(mean!dN!=!0.106!and!0.080!respectively),!leading!to!an!inflated!dN/dS!ratio!(ω)!in!bdelloids!in!comparison!to!monogononts!(mean!=!0.073!and!0.304!respectively,!MannDWitney!test,!p<0.0001!in!all!six!possible!comparisons!between!bdelloid!and!monogonont!pairs).!Bdelloids’!relatively!high!nonDsynonymous!substitution!rate!could!be!a!reflection!of!relaxed!selection!acting!across!their!genomes.!Possibly!because!of!their!lower!mean!ω,!no!genes!with!ω!>!1!were!identified!in!the!monogonont!ortholog!comparisons.!As!the!dN/dS!ratio!has!relatively!weak!power!for!detecting!positive!selection!(Nielsen,!2005),!especially!where!positive!selection!at!one!amino!acid!is!surrounded!by!purifying!selection!on!the!rest!of!the!gene,!failure!to!detect!selected!genes!in!monogononts!using!this!method!is!unsurprising.!However,!the!inflated!background!dN!in!bdelloid!rotifers!means!that!the!probability!of!ω!exceeding!one!by!chance!may!be!increased,!and!interpretation!of!genes!detected!using!this!method!must!therefore!be!approached!with!caution.!!In!addition,!as!a!result!of!sequencing!error!and!the!presence!of!mildly!deleterious!polymorphisms!yet!to!be!removed!by!selection,!estimates!of!dN/dS!can!be!
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inflated!on!terminal!branches!(Lanfear!et!al.,!2010).!The!effect!of!this!will!decline!with!the!length!of!the!branch,!because!as!overall!sequence!divergence!increases,!sequencing!errors!will!make!up!an!increasingly!small!fraction!of!the!overall!difference!between!species.!Because!of!this,!pairwise!comparisons!between!monogononts!and!bdelloids!might!not!be!equivalent!because!of!the!relatively!long!branch!length!between!monogonont!species!in!comparison!to!branch!lengthes!between!bdelloid!species.!Using!the!internal!branches!between!Rotaria!sequences!would!be!one!way!to!circumvent!this!problem,!but!we!lack!an!internal!branch!in!monogononts!for!direct!comparison.!Furthermore,!pairwise!comparison!between!Rotaria#species!was!an!aim!of!this!work,!and!comparisons!of!selection!acting!on!the!internal!branches!of!our!Rotaria#species!would!make!this!impossible.!An!alternative!way!to!account!for!the!differences!in!relative!ages!of!the!two!clades!would!be!to!collect!population!level!polymorphism!data,!which!will!be!the!focus!of!a!follow!up!study.!!!The!comparison!of!codon!models!in!a!maximum!likelihood!framework!(Yang!and!Nielsen,!2000;!Yang,!2007)!is!considered!a!more!effective!way!of!identifying!positive!selection!than!using!the!average!dN/dS!ratio!across!genes.!When!comparing!the!divergence!of!genes!between!two!species!it!is!important!that!we!are!comparing!orthologs.!Both!species!could!have!both!copies!under!purifying!selection!within!orthologous!pairs,!but!if!you!compared!paralogous!copies!between!species,!dN/dS!could!be!high!where!amino!acid!changes!existed!between!gene!copies.!Differences!is!sampling!effort!between!species!could!lead!to!bias!in!the!detection!of!paralogs!(paralogs!are!likely!to!be!top!blast!hits!where!an!orthologous!copy!has!been!missed!during!sequencing),!and!this!would!lead!to!a!higher!overall!dN/dS!between!species!pairs!with!poorer!sampling!during!sequencing.!Because!identifying!orthologs!in!all!four!species!involved!comparing!pairwise!reciprocal!best!hits!between!all!six!pairwise!species!comparisons,!the!sets!of!genes!input!into!the!model!comparisons!undertaken!here!were!also!more!certain!to!be!orthologous;!the!risk!of!accidental!comparison!of!paralogs!was!much!reduced.!A!larger!proportion!of!genes!identified!using!maximum!likelihood!were!annotated!using!Blast2GO,!suggesting!that!more!of!these!transcripts!are!not!clade!specific!or!of!unknown!function.!These!factors!combine!to!make!the!genes!
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identified!using!this!method!a!more!reliable!and!useful!set!of!candidates!for!future!analysis.!!Suitable!candidate!genes!could!be!analysed!at!a!population!level!to!better!understand!whether!they!are!evolving!under!positive!selection,!or!if!they!are!simply!diverging!in!an!unconstrained!manner!due!to!a!relaxation!of!purifying!selection.!The!fact!that!some!genes!could!be!identified!provides!initial!data!for!further!investigation!of!possible!ecological!and!evolutionary!differences!between!bdelloid!species,!and!their!GO!annotations!suggest!that!differences!in!desiccation!frequency!are!a!potential!factor!underlying!species!differences!in!the!genus!
Rotaria.#However,!especially!taking!into!consideration!the!implications!of!bdelloids’!asexuality,!and!their!observed!reduced!ability!to!remove!slightly!deleterious!mutations,!genes!identified!here!are!only!a!first!step,!providing!candidates!for!future!work.!It!is!always!important!to!link!genotype!to!phenotype,!and!to!demonstrate!actual!fitness!differences!linked!to!these.!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Chapter!7:!Conclusions!
!Bdelloid!rotifers!are!unusual!animals,!both!as!rare!examples!of!an!ancient!asexual!clade,!and!with!their!extraordinary!resistance!to!both!desiccation!and!to!radiation.!To!accompany!this,!they!have!unusual!genomes.!Although!evidence!for!the!Meselson!Effect!now!appears!weak,!both!in!bdelloids!(Flot!et!al.,!2013;!Hur!et!al.,!2009;!Mark!Welch!et!al.,!2008)!and!in!other!asexual!species!(Birky,!2004;!Schaefer!et!al.,!2006;!Schön!and!Martens,!2003),!they!do!have!an!abundance!of!multiDgene!families!(Flot!et!al.,!2013),!of!which!alpha!tubulin!is!one!(Eyres!et!al.,!2012;!chapter!2),!and!these!have!the!potential!to!allow!for!adaptive!variation.!It!is!now!clear!that!bdelloid!genomes!do!contain!an!unusually!large!number!of!foreign!genes!(Boschetti!et!al.,!2012;!Flot!et!al.,!2013;!chapters!3!and!4),!and!the!potential!for!these!to!provide!adaptive!variation!will!be!discussed!here.!As!expected!in!ancient!asexuals,!I!find!evidence!of!a!genomeDwide!reduced!ability!to!purge!deleterious!mutations!(chapter!6),!and!potentially!bdelloids’!other!unusual!genomic!features!outlined!here!are!related!to!this.!However,!through!a!combination!of!frequent!desiccation!and!ancient!asexuality,!it!is!clear!that!bdelloid!genomes!have!abundant!genetic!novelty,!containing!multiple!gene!copies!and!many!foreign!genes.!!!
Multiple(gene(copies(In!chapter!2!I!investigated!the!evolutionary!forces!acting!upon!multiple!copies!of!alpha!tubulin!in!bdelloid!rotifers.!Initially!alpha!tubulin!appeared!to!be!a!good!candidate!gene!for!examining!the!interplay!between!the!Meselson!Effect,!with!its!potential!for!divergence!of!former!alleles,!and!the!homogenising!action!of!gene!conversion!in!a!group!of!ancient!asexuals.!However,!it!became!apparent!that!alpha!tubulin!was!present!in!far!more!copies!than!predicted!by!bdelloids’!degenerate!tetraploidy,!and!that!the!Meselson!Effect!per#se!did!not!apply.!Instead!the!multiple!copies!formed!five!groups,!or!“classes”,!based!on!intron!pattern!and!location;!half!of!all!alpha!tubulin!copies!belonged!to!one!highly!conserved!class!similar!to!alpha!tubulin!in!monogonont!rotifers,!and!the!other!half!formed!four!classes!that!were!divergent!in!terms!of!nucleotide!sequence,!amino!acid!sequence!and!predicted!biochemical!properties.!Within!classes!there!were!
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fifteen!cases!of!pairs!of!very!similar!copies!belonging!to!the!same!species,!consistent!with!there!being!pairs!of!alpha!tubulin!copies!homogenized!by!gene!conversion.!Despite!the!absence!of!the!Meselson!Effect!in!bdelloid!rotifers,!the!presence!of!multiple!gene!copies!allowed!divergence!of!sequence!and!potentially!of!function!of!the!different!classes!of!alpha!tubulin,!whilst!copies!were!maintained!within!divergent!classes!for!gene!conversion.!!Between!classes!of!alpha!tubulin!there!was!evidence!for!excess!amino!acid!divergence!relative!to!the!strong!purifying!selection!acting!within!each!class,!and!this!is!consistent!with!a!standard!model!of!functional!specialisation!after!gene!duplication,!where!neoD!or!subD!functionalised!copies!evolve!after!an!initial!period!of!relaxed!selection,!and!are!then!subject!to!purifying!selection.!The!multiple!alpha!tubulin!copies!differed!in!predicted!functions:!the!highly!conserved!class!one!copies!providing!redundancy!for!core!functions,!whilst!classes!2D5!had!diverged!in!amino!acid!sequence!and!classes!3D5!in!predicted!protein!chemistry.!This!functional!specialisation!of!multiple!copies!might!provide!phenotypic!flexibility!to!allow!success!in!a!fluctuating!environment,!and!could!provide!a!mechanism!for!compensation!for!slow!rates!of!genetic!adaptation!resulting!from!asexuality.!However,!as!expansion!of!gene!families!increases!the!number!of!linked!genes,!multiple!copies!might!only!further!reduce!the!efficiency!of!selection!in!bdelloid!rotifers,!providing!increased!opportunity!for!clonal!interference!(Gerrish!and!Lenski,!1998).!!Abundance!of!multiDgene!families!has!now!been!observed!in!the!bdelloid!genome!(Flot!et!al.,!2013),!raising!the!question!of!how!they!have!arisen,!and!making!their!significance!all!the!more!important!to!understand.!Their!presence!might!be!explained!by!the!action!of!endonuclease!containing!Penelope!retrotransposons,!which!are!able!to!disperse!intron!containing!genes;!Penelope!terminal!repeats!have!been!identified!framing!intron!containing!duplicated!genes!in!the!A.#vaga#genome!(Arkhipova!et!al.,!2013).!In!general!large!expansions!of!genes!in!A.#vaga#were!connected!with!oxidoDreduction!processes,!carbohydrate!metabolism,!and!DNA!repair!and!homologous!recombination,!all!processes!important!for!desiccation!survival!or!nutrition.!In!order!to!understand!the!functional!
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significance!or!otherwise!of!these!large!expansions!of!gene!families!in!bdelloids!it!would!now!be!useful!to!link!characterization!of!gene!families!as!performed!in!chapter!2!with!an!understanding!of!the!functional!consequences!of!genetic!variants!for!bdelloids!in!natural!environments.!
!
Horizontal(gene(transfer(In!chapters!3!to!5!I!investigated!the!phenomenon!of!horizontal!gene!transfer,!initially!uncovered!in!A.#vaga#in!Gladyshev!et#al.!(2008).!In!chapter!3!I!developed!a!bioinformatics!pipeline!for!the!detection!of!HGT!in!transcriptomes,!and!applied!it!to!the!transcriptome!of!a!single!species!of!bdelloid,!A.#ricciae.!The!identification!method!was!based!on!simple!similarity!comparisons!such!as!used!in!Gladyshev!
et#al.!(2008),!followed!by!more!robust!tests!of!phylogenetic!incongruence.!In!this!closely!related!species!we!were!able!to!confirm!that!horizontally!transferred!genes!are!not!only!present!in!the!genome,!but!that!they!also!comprise!nearly!10%!of!transcribed!genes!(Boschetti!et!al.,!2012;!chapter!3).!In!chapter!4!I!sequenced!the!transcriptomes!of!four!species!from!the!genus!Rotaria.!These!species!are!only!distantly!related!to!A.#vaga#where!HGT!was!initially!identified,!and!to!A.#ricciae#where!expression!of!foreign!genes!was!confirmed.!This!confirmed!that!HGT!is!not!confined!to!the!genus!Adineta;!it!is!a!feature!of!bdelloid!rotifers!more!widely.!The!close!phylogenetic!relationships!between!the!four!Rotaria#species!examined!and!their!distant!relationship!with!A.#ricciae!allowed!for!a!comparative!analysis!of!the!foreign!genes!present!in!each!species,!and!I!was!able!to!determine!that!the!majority!of!foreign!genes!were!gained!in!a!common!ancestor!of!Adineta#and!Rotaria#species,!probably!before!the!divergence!of!extant!bdelloid!species,!whilst!showing!that!HGT!has!also!occurred!more!recently!and!is!likely!ongoing.!In!this!chapter!I!also!showed!a!positive!relationship!between!desiccation!tolerance!and!the!number!of!foreign!genes,!providing!initial!support!for!the!hypothesis!that!HGT!is!facilitated!by!desiccation!in!bdelloids!(Gladyshev!and!Arkhipova,!2010;!Gladyshev!et!al.,!2008).!By!amplifying!and!sequencing!four!horizontally!acquired!genes!in!a!broader!range!of!species!from!three!of!the!four!families!of!bdelloid!rotifer,!in!chapter!5!I!found!support!for!the!hypothesis!that!the!majority!of!foreign!genes!were!acquired!by!a!common!ancestor!of!the!bdelloid!rotifers;!genes!predicted!to!have!been!acquired!
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anciently!based!on!comparisons!between!Rotaria#and!Adineta#in!chapter!4!were!present!in!a!broad!range!of!bdelloid!species.!Conversely,!foreign!genes!predicted!to!be!more!recently!acquired!in!chapter!4!were!found!to!be!confined!to!a!narrower!subset!of!species!in!chapter!5.!!In!answer!to!the!questions!raised!in!chapter!1:!!i)!How!does!DNA!enter!the!bdelloid!genome?!The!relationship!between!desiccation!frequency!and!extent!of!HGT!in!Rotaria!provides!support!for!the!possibility!that!foreign!genes!enter!the!bdelloid!genome!during!cycles!of!desiccation!and!rehydration.!It!is!thought!that!during!desiccation!bdelloid!DNA!is!shattered,!as!it!is!after!exposure!to!radiation!(Gladyshev!and!Meselson,!2008),!and!that!it!is!this!plus!potential!weakening!of!cell!membranes!in!the!desiccated!state!(Boschetti!et!al.,!2011)!that!could!provide!a!mechanism!for!foreign!DNA!to!enter!the!germ!line.!The!“weakDlink”!model!of!horizontal!gene!transfer!in!eukaryotic!organisms!(Huang,!2013)!suggests!that!horizontal!gene!transfer!is!not!as!rare!as!once!considered,!and!can!be!explained!by!uptake!into!organisms!at!a!point!when!the!germDline!is!exposed,!either!in!singleDcelled!eukaryotes,!or!early!in!development!in!multicellular!species.!Perhaps!desiccation!can!be!considered!as!another!“weakDlink”!state!where!the!likelihood!of!foreign!DNA!gaining!access!to!the!germDline!is!increased.!!The!majority!of!foreign!genes!identified!in!bdelloid!transcriptomes!are!putatively!eubacterial!in!origin,!and!this!pattern!is!likely!to!result!from!the!combined!effects!of!bacterial!abundance!and!ubiquity!both!in!reality!and!in!sequence!databases.!The!small!size!and!broad!distribution!of!bacteria!means!that!they!are!more!likely!to!live!alongside,!be!food!for,!or!be!pathogens!of,!multicellular!eukaryotic!species!such!as!bdelloid!rotifers,!and!proximity!is!necessary!for!HGT!to!take!place.!Foreign!genes!of!fungal!origin!are!the!next!most!common!in!bdelloid!transcriptomes,!and!again!this!makes!sense!from!an!ecological!standpoint;!bdelloids!are!prey!to!a!range!of!fungal!pathogens!(Barron,!1991)!and!have!been!shown!to!feed!successfully!on!both!fungi!and!bacteria!under!laboratory!conditions!(Ricci,!1984).!Protists!are!also!a!common!donor!of!foreign!genes!to!
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bdelloids,!and!in!R.#socialis#protist!genes!appear!to!make!up!a!large!portion!of!their!most!recently!acquired!genes!(chapter!4).!The!presence!of!these!genes!in!the!R.#socialis#transcriptome!could!be!the!result!of!contamination,!or!it!could!represent!a!recent!uptake!of!foreign!genes!by!this!species.!Either!way!it!reflects!an!ecological!difference!between!R.#socialis#and!its!sister!species!R.#
magnacalcarata,!which!lives!on!the!same!waterlouse!host.!Interestingly,!the!majority!of!foreign!protist!genes!in!R.#socialis!have!their!top!BLASTX!hit!in!a!single!protistan!class,!Oligohymenophorea.!Nearly!90%!of!the!epifauna!of!Asellus#
aquaticus!are!Peritrich!protists!(class!Oligohymenophorea),!and!the!majority!of!these!species!are!found!to!the!periphery!and!on!the!legs!of!the!ventral!side!of!the!waterlouse!(Cook!and!Chubb,!1998),!sharing!a!distribution!with!that!of!R.#socialis#(Fontaneto!and!Ambrosini,!2010).!Again!this!highlights!the!role!of!proximity!in!affecting!which!genes!are!acquired!by!horizontal!gene!transfer.!!ii)!Is!HGT!a!feature!of!all!bdelloids?!In!chapters!3,!4!and!5!I!demonstrated!that!horizontal!gene!transfer!is!not!a!unique!feature!of!A.#vaga!where!it!was!first!detected,!but!that!foreign!genes!can!be!detected!in!bdelloid!species!from!at!least!three!of!the!four!bdelloid!families.!Furthermore!it!has!occurred!at!such!a!high!frequency!that!foreign!genes!from!other!kingdoms!of!life!make!up!approximately!10%!of!transcripts!across!all!species!examined!at!the!transcriptome!level!(chapter!3!and!4).!This!broad!distribution!across!bdelloid!species!means!that!HGT!really!could!impact!the!evolution!of!bdelloid!rotifers.!!iii)!Are!the!foreign!genes!transcribed?!Around!10%!of!transcripts!in!all!five!transcriptomes!examined!here!were!of!putative!foreign!origin!(hU!≥!30),!and!even!in!the!genome,!using!the!more!conservative!threshold!of!AI!>!45,!8%!of!predicted!coding!sequences!were!designated!as!foreign!(Flot!et!al.,!2013).!It!has!recently!been!shown!that!the!majority!of!the!human!genome!is!transcribed!(Hangauer!et!al.,!2013),!so!transcription!alone!does!not!prove!that!foreign!genes!will!produce!functional!proteins,!however,!expression!level!of!foreign!transcripts!did!not!differ!
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significantly!from!that!of!metazoan!transcripts,!indicating!that!their!expression!is!not!simply!constitutive.!!iv)!Are!foreign!genes!the!result!of!ongoing!HGT!or!were!they!acquired!before!the!divergence!of!extant!bdelloid!species?!In!chapter!4!I!established!that!the!majority!of!foreign!genes!were!probably!acquired!before!bdelloid!divergence,!as!they!are!present!in!both!Rotaria!and!
Adineta!species.!Although!this!pattern!could!also!be!explained!by!postDacquisition!horizontal!transfer!of!foreign!genes!between!Rotaria!and!Adineta,!the!more!thorough!examination!of!a!few!of!these!foreign!genes!in!other!species!in!chapter!5!supports!the!idea!that!presence!in!both!genera!implies!presence!in!the!majority!of!other!bdelloid!species,!and!this!suggests!that!genes!have!been!inherited!vertically!from!a!common!ancestor!who!acquired!the!gene!by!HGT.!Genes!that!were!acquired!before!the!bdelloid!radiation!will!have!been!evolving!alongside!native!bdelloid!genes!ever!since,!and!as!such!are!not!likely!to!have!had!a!role!in!generating!species!differences,!and!certainly!cannot!be!seen!as!a!surrogate!for!sexual!reproduction.!However,!the!fact!that!these!genes!have!persisted!in!the!genomes!of!divergent!bdelloid!species!for!potentially!100my!is!unusual;!there!are!no!described!cases!of!such!large!scale!uptake!and!maintenance!of!foreign!genes!in!a!metazoan!lineage.!The!diverse!biochemistry!and!many!novel!functions!potentially!imparted!by!this!subset!of!anciently!acquired!foreign!genes!may!not!have!acted!as!a!direct!substitute!for!sex,!but!it!could!have!allowed!bdelloids!to!successfully!exploit!a!broad!range!of!ecological!niches.!!Despite!the!majority!of!foreign!genes!being!of!apparently!ancient!origin,!many!foreign!genes!appear!more!recently!acquired,!as!supported!by!their!distribution!across!Adineta#and!Rotaria!transcriptomes!(chapter!4).!Genes!predicted!to!be!more!recently!acquired!in!chapter!4!also!showed!less!sign!of!amelioration!than!older!foreign!genes,!having!GC!contents!more!different!from!background!GC!content.!In!addition,!when!the!distribution!of!one!gene!identified!in!Adineta#species!only!(AV10134)!was!examined!across!more!bdelloid!species,!it!was!shown!to!be!confined!to!Adineta#species,!providing!support!for!the!predictive!
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power!of!comparisons!of!Adineta#and!Rotaria#transcriptomes.!The!presence!of!ongoing!HGT!means!that!HGT!may!still!be!providing!bdelloids!with!novel!genetic!material,!and!although!a!smaller!portion!of!their!genomes!contain!more!recently!acquired!genes,!the!novelty!they!provide!may!in!some!way!compensate!for!their!lack!of!sex!and!allow!them!to!adapt!to!a!changing!environment.!!
Selection(scan((In!comparing!the!divergence!of!monogonont!and!bdelloid!transcripts!in!chapter!6!I!was!able!to!identify!inflated!nonDsynonymous!site!divergence!in!bdelloids!in!comparison!to!monogononts,!indicative!of!genome!wide!relaxed!selection!or!a!reduced!ability!to!purge!deleterious!mutations!in!the!ancient!asexual!taxon!in!comparison!with!its!cyclically!parthenogenetic!sister!taxon.!This!is!unsurprising!given!predictions!(Keightley!and!EyreDWalker,!2000;!Kondrashov,!1988),!previous!findings!in!bdelloid!rotifers!(Barraclough!et!al.,!2007),!and!findings!in!other!asexual!taxa!(Paland!and!Lynch,!2006;!Schön!et!al.,!2003),!but!adds!genome!wide!support!to!findings!from!analysis!of!single!genes.!!The!relatively!high!rate!of!nonDsynonymous!substitutions!in!bdelloid!genes!means!that!the!distribution!of!mean!dN/dS!ratio!across!all!pairwise!comparisons!is!inflated,!and!as!a!result,!whereas!between!monogonont!rotifers!no!genes!were!present!with!ω!>!1!(indicative!of!positive!selection),!in!bdelloid!rotifers!many!genes!where!ω!exceeded!1!were!identified.!Using!the!dN/dS!ratio!to!identify!genes!under!positive!selection!is!a!conservative!method!(Anisimova!and!Liberles,!2007;!Nielsen,!2005),!as!for!the!dN/dS!ratio!to!exceed!1,!nonDsynonymous!changes!at!positively!selected!sites!must!outweigh!the!effects!of!purifying!selection!acting!on!the!rest!of!the!gene.!However,!in!asexual!clades!where!the!action!of!purifying!selection!may!be!diminished!it!is!possible!that!this!method!is!less!conservative.!As!a!result!genes!identified!in!chapter!6!with!a!dN/dS!ratio!in!excess!of!one!must!be!treated!with!caution,!and!only!as!candidates!for!further!investigation.!!Many!of!the!genes!identified!using!the!dN/dS!ratio!in!pairwise!comparisons,!and!using!codon!models!in!fourDway!species!comparisons,!are!related!to!oxidative!
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stress,!metabolism!and!desiccation!tolerance.!Selection!acting!on!metabolic!genes!might!reflect!dietary!differences!between!species,!or!the!need!to!initiate!cellular!damage!prevention!and!repair!systems!in!the!face!of!desiccation!stress.!Genes!potentially!involved!in!desiccation!tolerance!range!from!those!related!to!DNA!repair!to!chaperone!proteins!and!regulators!of!transcription.!As!noted!in!chapter!6,!the!broad!categories!covered!by!the!selection!candidates!bear!resemblance!to!the!categories!of!genes!identified!as!upregulated!during!cycles!of!desiccation!and!rehydration!in!A.#ricciae#(Boschetti!et!al.,!2011),!and!the!significant!differences!in!desiccation!tolerance!between!the!Rotaria#species!examined!in!this!chapter!might!potentially!be!reflected!in!the!presence!of!genes!involved!in!the!desiccation!response!in!the!set!of!candidate!genes!identified.!!The!apparent!relationship!between!observable!species!differences!and!the!types!of!genes!identified!using!a!selection!scan!of!the!four!Rotaria#transcriptomes!could!imply!the!action!of!ecological!speciation,!in!the!absence!of!sex.!Bdelloids!do!display!clusters!of!morphological!and!genetic!characteristics!analogous!to!species!(Fontaneto!et!al.,!2007),!and!natural!selection!still!acts!on!asexuals,!but!they!are!predicted!to!respond!slower!due!to!linkage!of!the!genome!(Barraclough!et!al.,!2007).!The!concordance!between!the!genes!identified!in!chapter!6!and!those!identified!during!desiccation!and!rehydration!(Boschetti!et!al.,!2011)!provides!a!link!between!these!candidate!genes!and!genuine!phenotypic!differences.!!However,!the!inflated!nonDsynonymous!substitution!rate!in!bdelloids!provides!an!alternative!explanation!for!the!presence!of!these!genes!with!dN/dS!>!1,!they!could!simply!be!outliers!in!a!distribution!shifted!towards!1!by!relaxed!selection.!!Work!at!the!population!level,!linking!genotype!to!phenotype,!would!be!necessary!to!confirm!the!fitness!effects!of!changes!in!genes!identified!here.!Taking!into!consideration!bdelloids’!reduced!ability!to!remove!slightly!deleterious!mutations!from!their!genomes,!candidates!identified!here!are!only!a!first!step.!Before!any!role!in!ecological!selection!could!be!confirmed!for!any!of!these!candidates!it!is!necessary!to!link!genotype!to!phenotype,!and!to!demonstrate!actual!fitness!differences!linked!to!amino!acid!variation.!
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!In!this!thesis!I!have!investigated!a!number!of!ways!that!bdelloids’!unusual!genomes!may!have!impacted!on!their!evolution,!providing!novel!genetic!variation!for!responding!to!a!fluctuating!environment!in!the!absence!of!sex.!My!identification!of!multiple!divergent!copies!of!alpha!tubulin!illustrated!how!a!multiDgene!family!might!be!utilised!for!both!provision!of!functional!redundancy!and!adaptation!to!cycles!of!desiccation!and!rehydration,!and!provided!further!evidence!for!the!action!of!gene!conversion!in!bdelloid!genomes.!This!bdelloid!specific!expansion!of!a!gene!family!now!appears!to!be!far!from!unique,!as!a!large!number!of!multiDgene!families!have!been!identified!in!the!genome!of!A.#vaga#(Flot!et!al.,!2013).!The!overDrepresentation!of!genes!involved!in!oxidative!stress,!DNA!repair!and!carbohydrate!metabolism!supports!adaptive!potential!of!multiDgene!families!in!bdelloid!rotifers.!The!abundance!of!old!and!new!foreign!genes!in!a!range!of!bdelloid!species!allows!for!a!role!in!both!providing!biochemical!flexibility!allowing!all!species!to!exploit!unusual!ecological!niches,!and!for!providing!a!continuing!influx!of!genes!coding!for!novel!functions.!!!!!!!!
!
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Appendix!I.!
!
Supplementary!files,!chapter!2!
!
Supplementary!file!S1.!Average!GC!content!at!the!third!codon!position!for!sequences!belonging!to!each!species.!BP=!Brachionus#plicatilis#(monogonont);!PF!=!P.#flaviceps;!AV=A.#vaga;!AR=A.#ricciae;!MQ=M.#quadricornifera.!KruskalDWallis!test!for!variation!among!species:!chiDsquared!=!41.9,!df!=!3,!p<0.0001.!!
!
!
!
!
Supplementary!file!S2.!Model!fit!comparisons.!Model!fit!comparisons.!Log!marginal!likelihood!estimated!from!posterior!samples!using!Equation!(16)!in!Newton!and!Raftery!(1994)!implemented!using!func.newtonRaftery94_eqn16!in!p4!(v0.88).!!
!
!
!
!
!
!
!
!
!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model LogMarginalLikelihood Bayes Factor loge(BF) 
GTR+I+G -17985.85 - - 
NDCH(2) -17328.64 657 6.49 
NDCH(5) -17180.55 148.09 4.998 
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Supplementary!file!S3. Alpha!tubulin!gene!tree!based!on!exon!nucleotides!including!all!cloned!copies!from!all!bdelloid!species!sequenced.!Black!=!
P.flaviceps,!blue!=!M.#quadricornifera,!red!=!A.#vaga,!green!=!A.#ricciae.!aLRT!support!values!are!shown!and!the!scale!bar!is!in!units!of!substitutions!per!site.!
!
!
!
Supplementary!file!S4.!Alpha!tubulin!gene!tree!for!Adineta#ricciae!including!both!cloned!and!sequenced!copies!(named!ArCopy1!etc.)!and!the!copies!found!by!searching!the!transcriptome!using!BLASTN!(each!named!E_Locus!followed!by!a!number).!
!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!! 193!
!
Supplementary!file!S5.!Average!dN/dS!(YDaxis)!obtained!by!sliding!window!analysis!of!the!alpha!tubulin!alignment!across!classes.!Window!size!=!15,!step!size!=!5.!Colours!along!the!xDaxis!show!functional!and!structural!regions:!red!=!alpha!helix;!blue!=!beta!sheet;!green!=!functional!regions!(P!=!interacts!with!phosphate,!ribose!=!interacts!with!ribose,!others!are!annotated!with!their!functions).!Arrows!=!codons!identified!using!Bayes!empirical!Bayes!as!experiencing!divergent!selection!(position!in!alignment:!17,!19,!21,!22,!23,!31,!41,!71,!72,!104,!112,!127,!145,!146,!269,!272,!274,!276,!286,!317,!348,!355).!!
!
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Appendix!II.!
!Boschetti!C,!Carr!A,!Crisp!A,!Eyres!I,!WangDKoh!Y,!et!al.!(2012)!Biochemical!Diversification!through!Foreign!Gene!Expression!in!Bdelloid!Rotifers.!PLoS!Genet!8(11):!e1003035.!
!Biochemical!Diversification!through!Foreign!Gene!Expression!in!Bdelloid!Rotifers!!Chiara!Boschetti,!Adrian!Carr,!Alastair!Crisp,!Isobel!Eyres,!Yuan!WangDKoh,!Esther!Lubzens,!Timmothy!G.!Barraclough,!Gos!Micklem,!Alan!Tunnacliffe.!!!
Abstract!
!Bdelloid!rotifers!are!microinvertebrates!with!unique!characteristics:!they!have!survived!tens!of!millions!of!years!without!sexual!reproduction;!they!withstand!extreme!desiccation!by!undergoing!anhydrobiosis;!and!they!tolerate!very!high!levels!of!ionizing!radiation.!Recent!evidence!suggests!that!subtelomeric!regions!of!the!bdelloid!genome!contain!sequences!originating!from!other!organisms!by!horizontal!gene!transfer!(HGT),!of!which!some!are!known!to!be!transcribed.!However,!the!extent!to!which!foreign!gene!expression!plays!a!role!in!bdelloid!physiology!is!unknown.!We!address!this!in!the!first!large!scale!analysis!of!the!transcriptome!of!the!bdelloid!Adineta#ricciae:!cDNA!libraries!from!hydrated!and!desiccated!bdelloids!were!subjected!to!massively!parallel!sequencing!and!assembled!transcripts!compared!against!the!UniProtKB!database!by!BLASTX!to!identify!their!putative!products.!Of!~29,000!matched!transcripts,!~10%!were!inferred!from!BLASTX!matches!to!be!horizontally!acquired,!mainly!from!eubacteria!but!also!from!fungi,!protists,!and!algae.!After!allowing!for!possible!sources!of!error,!the!rate!of!HGT!is!at!least!8%–9%,!a!level!significantly!higher!than!other!invertebrates.!We!verified!their!foreign!nature!by!phylogenetic!
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analysis!and!by!demonstrating!linkage!of!foreign!genes!with!metazoan!genes!in!the!bdelloid!genome.!Approximately!80%!of!horizontally!acquired!genes!expressed!in!bdelloids!code!for!enzymes,!and!these!represent!39%!of!enzymes!in!identified!pathways.!Many!enzymes!encoded!by!foreign!genes!enhance!biochemistry!in!bdelloids!compared!to!other!metazoans,!for!example,!by!potentiating!toxin!degradation!or!generation!of!antioxidants!and!key!metabolites.!They!also!supplement,!and!occasionally!potentially!replace,!existing!metazoan!functions.!Bdelloid!rotifers!therefore!express!horizontally!acquired!genes!on!a!scale!unprecedented!in!animals,!and!foreign!genes!make!a!profound!contribution!to!their!metabolism.!This!represents!a!potential!mechanism!for!ancient!asexuals!to!adapt!rapidly!to!changing!environments!and!thereby!persist!over!long!evolutionary!time!periods!in!the!absence!of!sex.!!!
Author!Summary!
!Bdelloid!rotifers!are!tiny!invertebrates!with!unusual!characteristics:!they!withstand!stresses,!such!as!desiccation!and!high!levels!of!ionising!radiation,!that!kill!other!animals,!and!they!have!survived!over!millions!of!years!without!sexual!reproduction,!which!contradicts!theories!on!the!evolutionary!advantages!of!sex.!In!this!study,!we!investigate!another!bizarre!feature!of!bdelloids,!namely!their!ability!to!acquire!genes!from!other!organisms!in!a!process!known!as!horizontal!gene!transfer!(HGT).!We!show!that!HGT!happens!on!an!unprecedented!scale!in!bdelloids:!approximately!10%!of!active!genes!are!“foreign,”!mostly!originating!from!bacteria!and!other!simple!organisms!like!fungi!and!algae,!but!now!functioning!as!bdelloid!genes.!About!80%!of!foreign!genes!code!for!enzymes,!and!these!make!a!major!contribution!to!bdelloid!biochemistry:!39%!of!enzyme!activities!have!a!foreign!contribution,!and!in!23%!of!cases!the!activity!in!question!is!uniquely!specified!by!a!foreign!gene.!This!indicates!biochemistry,!such!as!toxin!degradation!and!antioxidant!generation,!that!is!unknown!in!other!animals!and!that!is!expected!to!improve!the!“robustness”!of!the!bdelloid.!It!also!represents!a!possible!mechanism!for!survival!without!sex,!by!diversification!of!functional!capacity!and!even!replacement!of!defective!genes!by!foreign!counterparts.!
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Introduction!
!Bdelloid!rotifers!(Rotifera,!Bdelloidea)!are!abundant,!ubiquitous!microinvertebrates!that!inhabit!aqueous!habitats![1].!They!possess!an!extraordinary!and!unique!combination!of!characteristics!among!the!Metazoa:!they!have!survived!for!tens!of!millions!of!years!without!sexual!reproduction,!while!speciating!similarly!to!sexual!organisms;!they!can!withstand!extreme!desiccation!by!undergoing!anhydrobiosis;!and!they!display!other!properties!usually!associated!with!extremophiles!such!as!tolerance!of!high!levels!of!ionizing!radiation![2]–[7].!In!addition,!the!bdelloids!Adineta#vaga!and!Philodina#roseola!contain!foreign!DNA!sequences!in!at!least!some!subtelomeric!chromosomal!regions!of!their!genomes,!and!these!probably!derive!from!horizontal!gene!transfer!(HGT)![8].!Three!of!these!genes!were!shown!to!be!transcribed,!and!Boschetti!et!al.![9]!showed!that!in!a!related!bdelloid!species,!A.#ricciae,!four!different!foreign!genes,!out!of!a!set!of!36!identifiable!foreign!and!native!sequences!sampled,!were!expressed.!Of!these,!three!were!upregulated!by!evaporative!water!loss!and!were!therefore!part!of!the!desiccation!stress!response.!!This!suggests!that!horizontal!gene!transfer!(HGT)!might!contribute!significantly!to!the!remarkable!biology!of!the!bdelloid!rotifer.!However,!the!proportion!of!the!bdelloid!genome!harbouring!foreign!sequences,!how!many!of!these!sequences!are!expressed,!and!their!contributions!to!bdelloid!physiology,!are!completely!unknown.!To!address!these!issues,!we!present!the!first!global!analysis!of!the!transcriptome!of!a!bdelloid!rotifer,!A.#ricciae,!which!shows!that!horizontally!acquired!genes!are!expressed!on!a!scale!unprecedented!in!animals!and!that!they!make!a!profound!contribution!to!bdelloid!metabolism.!We!suggest!this!is!highly!significant!in!the!context!of!the!extremophile!nature!of!bdelloids!and!their!long!term!evolutionary!persistence!without!sex,!which!theory!suggests!should!limit!their!ability!to!adapt!to!changing!environments![10]–[13].!!
!
!
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Results!
!
A(high(proportion(of(horizontally(acquired(sequences(in(the(bdelloid(
transcriptome(To!capture!expression!of!genes!active!during!the!hydrated!and!dehydrated!states,!cDNA!was!prepared!and!pooled!from!a!laboratory!strain!of!A.#ricciae!under!both!conditions,!then!partially!normalised!to!reduce!coverage!of!abundant!transcripts.!PairedDend,!massively!parallel!sequencing!was!performed!on!cDNA!fragments!of!mean!size!200!bp!using!the!Illumina!platform;!19.5!million!76Dbase!reads!were!assembled!to!give!an!initial!library!of!61,219!transcript!contigs!of!size!range!118–3674!bp.!Of!these,!28,922!contigs!gave!at!least!one!significant!BLAST!hit!(eDvalue≤10−05)!when!compared!to!the!UniProtKB!database,!allowing!the!identification!of!their!likely!product,!and!these!were!used!for!further!analysis.!Those!transcripts!originating!from!horizontally!acquired!genes!were!identified!by!assigning!each!contig!an!HGT!index,!hU,!defined!as!the!difference!between!the!“bitscore”!(i.e.!score!in!bits)!of!the!best!nonDmetazoan!match!and!the!bitscore!of!the!best!metazoan!match!in!the!database.!The!subscript,!U!here,!signifies!the!database!used,!UniProtKB;!S!for!SwissDProt!is!used!where!appropriate!below.!A!positive!hU!value!for!a!given!transcript!means!that!its!translation!gives!a!better!alignment!to!a!nonDmetazoan!protein!than!to!a!metazoan!protein,!and!vice!versa!for!a!negative!hU!value.!For!comparison!with!other!invertebrates,!we!carried!out!the!same!analysis!with!transcript!datasets!from!the!monogonont!rotifer!
Brachionus#plicatilis!(a!distinct!class!within!phylum!Rotifera,!that!has!both!sexual!and!asexual!life!phases,!and!is!not!considered!anhydrobiotic,!but!can!form!desiccationDtolerant!resting!eggs),!the!nematode!Caenorhabditis#elegans!and!the!fly!Drosophila#melanogaster.!!Although!for!hU>0,!a!nonDmetazoan!origin!is!indicated,!there!will!be!some!uncertainty!where!nonDmetazoan!bitscores!are!close!to!those!of!metazoans.!Therefore,!a!threshold!signifying!foreign!origin!needs!to!be!set!at!some!value!higher!than!zero.!Figure!1A!shows!that!the!bdelloid!contains!many!more!foreign!transcripts!than!other!invertebrates,!regardless!of!where!a!threshold!might!be!set,!and!therefore!other!species!can!be!used!as!a!reference!for!‘background’!
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levels!of!HGT!in!invertebrates.!We!calculate!R(hU),!the!relative!proportion!of!transcripts!with!HGT!index!value!greater!than!a!given!value!of!hU,!where!R!=!(the!percentage!of!transcripts!from!species!1!with!HGT!index≥hU)÷(the!percentage!of!transcripts!from!species!2!with!HGT!index≥hU).!In!comparisons!between!A.#
ricciae!and!other!invertebrate!species,!we!notice!that,!for!hU≤0,!R!is!relatively!constant!since!both!metazoan!and!nonDmetazoan!sequences!are!included.!However,!as!the!hU!=!0!threshold!is!passed,!R!increases!with!hU!as!metazoan!sequences!are!excluded,!and!the!greater!proportion!of!foreign!sequences!in!the!bdelloid!transcriptome!becomes!apparent.!R!then!plateaus!around!hU!=!25–30!and!is!approximately!constant!up!to!hU~100!(Figure!1B).!This!suggests!that,!as!the!threshold!of!hU!=!30!is!exceeded,!the!proportion!of!sequences!judged!to!be!foreign!decreases,!but!at!a!similar!rate!in!both!the!bdelloid!and!the!comparator!species,!i.e.!the!ratio!between!species!remains!constant,!indicating!that!increasing!stringency!above!hU!=!30!only!results!in!loss!of!truly!foreign!genes!from!the!count,!and!does!not!give!a!better!test!of!“foreignness”.!Figure!1B!also!shows!that!there!is!approximately!5Dfold!more!HGT!in!A.#ricciae!than!in!either!B.#
plicatilis!or!C.#elegans,!since!R≈5!for!hU≥30.!For!the!comparison!of!A.#ricciae!and!
D.#melanogaster,!the!ratio!is!appreciably!higher!at!R≈16!(data!not!shown),!in!line!with!the!apparently!very!low!levels!of!HGT!in!the!fly!(Figure!1A).!A!comparison!of!B.#plicatilis!with!C.#elegans!(Figure!1B)!does!not!show!the!inflection!between!hU!=!0!and!hU!=!30,!consistent!with!these!species!having!a!similar!proportion!of!foreign!sequences!in!their!transcriptomes.!We!used!linear!models!to!test!whether!differences!in!hU!were!significant!among!taxa.!Results!confirmed!that!A.#
ricciae!had!both!a!significantly!higher!mean!hU!score!and!a!significantly!higher!probability!per!gene!of!hU>30!than!the!other!taxa,!even!when!controlling!for!differences!in!contig!length!between!the!assemblies!(all!comparisons,!p<0.001,!details!in!legend!to!Figure!S1).!!
!
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Figure!1.!The!A.(ricciae!transcriptome!contains!an!unusually!large!
proportion!of!sequences!originating!from!other!organisms.!(A)!Percentage!of!transcripts!with!HGT!index!hU!above!ordinate!value!for!the!bdelloid!rotifer!A.#ricciae!(red),!the!monogonont!rotifer!B.#plicatilis!(orange),!the!nematode!C.#elegans!(green)!and!the!fly!D.#melanogaster!(grey),!for!the!interval!0!to!200,!with!the!horizontal!red!line!at!hU!=!30.!(B)!The!relative!proportion,!R,!of!transcripts!with!HGT!index!exceeding!a!given!value!of!hU,!comparing!A.#ricciae!and!B.#plicatilis!(orange),!A.#ricciae!and!C.#elegans!(green),!or!B.#plicatilis!and!C.#
elegans!(blue).!The!vertical!red!line!indicates!hU!=!30.!!
!!Of!the!identified!bdelloid!contigs,!9.7%!(2,792/28,922)!were!shown!to!have!
hU≥30!and!so!were!considered!to!be!of!foreign!origin!(Figure!1A,!Table!S1).!In!B.#
plicatilis,!1.8%!(171/9,685)!of!transcripts!have!hU≥30,!while!in!C.#elegans!and!D.#
melanogaster!this!figure!is!1.8%!(206/11,168)!and!0.6%!(105/18,368),!respectively!(Figure!1A).!This!demonstrates!that,!independent!of!the!dataset!dimensions,!the!level!of!expressed!HGT!in!bdelloid!rotifers!is!far!greater!than!in!other!invertebrates!tested.!!Phylogenetics!was!used!to!validate!the!foreign!origins!of!putative!horizontally!acquired!sequences![14]!and!this!can!be!performed!meaningfully!where!contigs!with!hU≥30!have!a!significant!(eDvalue≤10−5)!BLAST!match!to!at!least!one!metazoan!sequence,!allowing!a!phylogenetic!tree!to!be!constructed.!However,!twoDthirds!(1,884/2,792;!67%)!of!sequences!with!hU≥30!do!not!give!a!significant!metazoan!match,!which!strongly!supports!a!foreign!origin.!For!the!remaining!(908/2,792)!contigs,!phylogenetic!trees!were!built!in!PhyML!from!aminoDacids!
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sequences!using!a!JTT!model![15].!Each!contig!was!assigned!to!a!particular!group!according!to!the!aLRT!support!for!each!metazoan!or!nonDmetazoan!taxon!as!follows:!group!1!contains!sequences!that!are!monophyletic!with!Metazoa!(or!where!there!were!only!metazoan!hits!from!the!BLAST!analysis);!group!2!contains!sequences!for!which!monophyly!with!Metazoa!cannot!be!strongly!rejected;!group!3!contains!cases!where!there!are!too!few!sequences!to!define!a!meaningful!clade;!group!4!contains!cases!where!monophyly!with!Metazoa!can!be!strongly!rejected;!group!5!contains!transcripts!which!are!monophyletic!with!another!single!(nonDmetazoan)!taxon.!Analysis!of!these!data!showed!that!98%!of!A.#
ricciae!transcripts!with!hU≥30!and!at!least!one!significant!metazoan!hit!fall!into!groups!4!and!5!with!high!node!support!(summarised!in!Table!1;!Table!S1;!Figure!S2)!and!therefore!are!supported!as!truly!nonDmetazoan.!For!example,!an!acetylDCoA!synthetase!(Enzyme!Commission![EC]!number!6.2.1.1)!does!not!cluster!with!metazoan!sequences!for!this!enzyme,!instead!grouping!within!the!eubacterial!clade!with!high!support!(aLRT!support!=!0.86)!(Figure!2A;!Figure!S2C).!More!than!half!of!foreign!transcripts!appeared!prokaryotic!(59%!eubacterial,!1%!archaeal);!the!remainder!were!eukaryotic!in!origin:!23%!fungal,!6%!from!algae!or!plants,!and!11%!from!other!eukaryotic!taxa!(largely!protists).!!
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Figure!2.!Foreign!genes!in!the!A.(ricciae!genome.!(A)!Phylogenetic!tree!for!one!exemplar!bdelloid!transcript!(contig!13848)!encoding!an!acetylDCoA!synthetase.!Branch!colours!represent!different!taxa:!metazoa,!black;!eubacteria,!blue;!archaea,!light!blue;!fungi,!pink;!protists,!grey;!plants,!green.!Numbers!on!nodes!represent!aLRT!support.!(B)!Physical!linkage!of!foreign!genes!to!neighbouring!genes!in!the!genome:!eight!different!Sanger!sequenced!and!assembled!genomic!regions,!with!arrows!showing!gene!length!and!orientation!(metazoa,!black;!eubacteria,!blue;!fungi,!pink;!protists,!grey);!introns!are!indicated!as!interruptions.!Bdelloid!genes!previously!identified!in!A.#
vaga!are!marked!with!an!asterisk.!In!both!the!first!and!fourth!genomic!regions!shown,!the!two!foreign!genes!belong!to!different!taxa!(fungi!and!bacteria).!Scale,!bp.!See!also!Figure!S2!and!Table!S1.!(C)!Genomic!coverage!of!A.#ricciae!foreign!transcripts.!Histogram!of!the!percentage!length!aligned!to!the!draft!genome!for!all!foreign!transcripts.!The!red!box!indicates!all!foreign!transcripts!which!align!to!the!draft!genome!along!greater!than!50%!of!their!length.!
!!
Table!1.!Summary!of!phylogenetic!assignments!for!A.#ricciae!and!C.#elegans.!
!!!A!similar!analysis!can!be!performed!for!other!invertebrates.!For!example,!there!are!206!transcripts!from!C.#elegans!with!hU≥30!of!which!108!give!significant!BLAST!matches!only!with!nonDmetazoan!sequences.!For!the!remaining!
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transcripts,!phylogenetic!analysis!shows!that!92%!(90/98)!fail!to!cluster!with!metazoan!examples!(summarised!in!Table!1;!Table!S2;!Figure!S3).!Therefore,!96%!(198/206)!of!these!C.#elegans!transcripts!were!verified!as!foreign!by!the!phylogenetics.!Although!there!are!no!comprehensive!studies!in!the!literature,!the!frequency!of!HGT!we!detect!in!C.#elegans!is!higher!than!inferred!in!an!earlier!study![16].!One!possible!confounding!factor!might!be!that!the!phylogenetic!placement!of!individual!C.#elegans!sequences!is!impaired!by!filtering!out!other!nematode!sequences!(see!Materials!and!Methods).!To!check!this,!we!repeated!the!evaluation!including!the!top!BLAST!hits!from!nematodes,!i.e.!homologous!and!paralogous!examples!(Table!S2;!Figure!S3).!From!the!phylogenetics,!we!found!that!93%!(91/98)!of!C.#elegans!sequences!did!not!cluster!with!the!metazoa!and!therefore!97%!(199/206)!of!the!total!set!of!transcripts!with!hU≥30!are!likely!to!be!foreign.!This!shows!that!the!vast!majority!still!lack!a!close!nonDnematode!metazoan!match!when!additional!nematode!sequences!are!included!in!the!analysis.!We!interpret!this!finding!as!evidence!of!HGT!in!an!ancestor!of!nematode!species!in!the!sample.!However,!as!our!aim!here!is!not!to!evaluate!levels!of!HGT!in!other!metazoa!beyond!providing!a!baseline!for!comparison!with!bdelloids,!these!analyses!are!meant!to!illustrate!that!the!results!are!robust!to!variations!in!the!method,!such!as!which!sequences!are!included!for!evaluation.!!To!confirm!that!foreign!transcripts!originated!from!the!bdelloid!genome!and!were!not!due!to!contaminating!or!commensal!organisms,!several!corresponding!genomic!regions!were!PCRDamplified!and!Sanger!sequenced,!and!this!showed!that!foreign!genes!were!linked!to!a!gene!of!metazoan!origin!or!to!another!foreign!gene!from!a!different!taxon!(Figure!2B).!In!some!cases!(asterisks!in!Figure!2B),!the!foreign!transcript!was!close!to!a!gene!previously!described!in!a!bdelloid!rotifer.!The!sequences!were!also!aligned!to!an!early!draft!of!the!A.#ricciae!genome,!where!91%!of!foreign!transcripts!aligned!for!at!least!50%!of!their!length,!compared!to!90%!of!all!transcripts!and!for!metazoan!transcripts!only!(Figure!2C;!data!not!shown).!Furthermore,!81%!of!foreign!transcripts!were!aligned!to!the!same!genomic!contig!as!metazoan!transcripts!or!foreign!transcripts!of!a!different!phylogenetic!group,!which!rules!out!an!origin!from!contamination!for!this!set!(examples!given!in!Table!S3!correspond!to!some!
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foreign!sequences!in!Figure!3).!This!proportion!is!likely!to!rise!as!genome!assemblies!improve,!but!even!if!10–20%!of!foreign!genes!cannot!be!shown!to!be!part!of!the!bdelloid!genome,!and!thus!represent!contamination,!this!would!only!reduce!the!foreign!component!of!the!transcriptome!to!8–9%,!rather!than!10%,!which!is!still!remarkably!high.!!
Figure!3.!Examples!of!biochemical!diversification!encoded!by!the!bdelloid!
transcriptome.!Extracts!of!KEGG!pathways!where!enzyme!EC!numbers!are!shown!inside!boxes,!with!the!following!colour!scheme:!green,!metazoan;!red,!foreign;!orange,!both!metazoan!and!foreign!examples!identified;!pink,!both!foreign!and!indeterminate!examples;!light!green,!both!metazoan!and!indeterminate!examples;!blue,!not!found!in!transcriptome.!(A)!Degradation!of!phenylacetonitrile!(K00643);!(B)!degradation!of!1,3Ddichloropropene!(K00625);!metabolism!of!(C)!AEP!(2Daminoethylphosphonate)!and!3DphosphonoDpyruvate!(K00440),!(D)!cellulose!(K00500)!and!(E)!polygalacturonate!(K00040);!(F)!biosynthesis!of!trypanothione!(K00480);!(G)!completion!of!biosynthetic!pathways!for!valine!and!isoleucine!(K00290);!(H)!generation!of!ethanol!from!pyruvate!(K00010);!(I)!carbon!fixation!by!phosphoenolpyruvate!carboxylase!(K00720).!See!also!Figure!S5,!Table!2!and!Table!S4.!
!!
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Table!2.!KEGG!pathways!containing!enzymes!encoded!by!transcripts!of!foreign!origin.!
(
(
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The(majority(of(foreign(transcripts(encode(enzymes(Where!HGT!has!been!observed!between!prokaryotes,!operational!genes!encoding,!for!example,!enzymes,!predominate!over!informational!genes!concerned!with!transcription!and!translation![17],![18].!If!a!similar!situation!pertains!in!bdelloids,!we!would!expect!to!find!many!foreign!genes!that!encode!enzymes,!which!largely!fall!into!the!operational!category![18].!Bdelloid!transcripts!with!biochemical!functions!were!identified!by!alignment!to!proteins!with!EC!numbers!in!the!SwissDProt!database.!This!database!was!used!as!the!quality!of!annotation!is!higher!than!UniProtKB!and!the!smaller!number!of!proteins!should!reduce!the!false!positive!rate!(although!it!will!also!increase!the!number!of!false!negatives).!Of!the!26,001!transcript!contigs!with!matches!in!the!SwissDProt!database,!2,947!(11.3%)!had!hS≥30!and!were!categorised!as!foreign,!i.e.!a!similar!proportion!to!the!previous!analysis!using!UniProtKB!(Figure!S4).!Approximately!50%!(13,059/26,001)!of!contigs!(irrespective!of!their!hS!value)!had!a!match!with!an!assigned!EC!number.!These!were!then!tagged!as!either!metazoan!(hS≤0),!indeterminate!(0<hS<30)!or!foreign!(hS≥30).!Therefore,!of!the!foreign!transcripts,!79%!(2,341/2,947)!were!annotated!with!an!EC!number,!showing!that!a!large!majority!are!concerned!with!metabolism.!In!fact,!when!the!functions!of!those!without!an!EC!number!were!analysed,!a!further!93!sequences!could!be!identified!as!enzymes!that!lacked!EC!numbers!due!to!poor!annotation.!This!increases!the!proportion!of!foreign!transcripts!encoding!metabolic!functions!to!83%!(Figure!S4).!!Transcript!contigs!(in!all!categories)!with!assigned!EC!numbers!were!mapped!onto!the!Kyoto!Encyclopedia!of!Genes!and!Genomes!(KEGG)!reference!pathways!(denoted!‘K’!plus!a!number!in!the!following).!In!total,!839!EC!numbers!assigned!to!the!rotifer!transcriptome!were!matched!to!152!metabolic!pathways!(Table!2!and!Table!S4).!Of!the!839!EC!numbers,!23%!(191)!were!only!assigned!to!foreign!transcripts,!with!a!further!16%!(138)!being!assigned!to!both!foreign!and!metazoan!transcripts.!This!made!a!total!of!39%!of!identified!enzyme!activities!with!a!contribution!from!foreign!transcripts,!suggesting!that!HGT!has!the!potential!to!radically!diversify!bdelloid!biochemistry.!!
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Foreign!transcripts!encode!biochemical!functions!unknown!in!metazoans!Many!pathways!containing!foreign!transcript!products!specify!metabolism!found!only!in!microDorganisms!and!unknown!in!metazoans!(Figure!3,!Figure!S5,!Table!2,!Table!S4).!Several!of!these!are!concerned!with!degradation!of!toxic!compounds,!and!we!give!three!examples!here:!1)!breakdown!of!phenylacetonitrile!(benzyl!cyanide)!is!initiated!by!the!products!of!two!genes!derived!from!bacteria!(EC!4.2.1.84!or!EC!3.5.5.1;!K00643;!Figure!3A,!Figure!S5A),!and!other!nitrile!compounds,!such!as!benzonitrile,!can!also!be!metabolised!similarly!(K00627,!Figure!S5B);!2)!the!organochloride!pesticide,!1,3Ddichloropropene,!is!degraded!in!five!steps!to!the!central!metabolite,!acetaldehyde,!and!the!first!of!these!is!exclusively!specified!by!the!foreignDencoded!enzyme!haloalkane!dehalogenase!(EC!3.8.1.5;!K00625;!Figure!3B,!Figure!S5C);!3)!branches!of!the!degradation!pathways!for!benzoate!(K00362)!and!bisphenol!(K00363)!are!also!represented!by!foreign!gene!products!(Figure!S5D,!S5E).!Not!all!steps!in!these!pathways!are!present!in!our!transcriptome!sample.!This!is!partially!due!to!the!use!of!the!SwissDProt!database!to!assign!EC!numbers;!performing!the!same!analysis!using!the!UniProtKB!database!adds!steps!to!many!pathways.!However,!there!might!also!be!incomplete!capture!of!transcripts!during!cDNA!cloning!and!sequencing,!or!bdelloids!might!only!partially!metabolise!certain!compounds.!If!the!latter!is!correct,!such!partial!metabolism!might!still!be!sufficient!for!detoxification!or!metabolite!utilisation!in!other!pathways.!!HGT!is!also!implicated!in!improved!resource!acquisition,!e.g.!twoDstep!pathways!to!convert!the!ubiquitous!natural!phosphonates!2Daminoethylphosphonate!(AEP)!and!3Dphosphonopyruvate!into!useable!metabolites!are!enabled!by!foreign!transcripts!encoding!2DaminoethylphosphonateDpyruvate!transaminase!(EC!2.6.1.37)!or!phosphonopyruvate!decarboxylase!(EC!4.1.1.82)!and!phosphonoacetaldehyde!hydrolase!(EC!3.11.1.1)!(K00440;!Figure!3C,!Figure!S5F).!Furthermore,!several!foreign!transcripts!are!implicated!in!utilisation!of!a!range!of!polysaccharides!not!normally!directly!available!to!metazoans,!e.g.!cellulose!(K00500;!Figure!3D,!Figure!S5G)!and!polygalacturonate!(K00040;!Figure!3E,!Figure!S5H)!breakdown;!αDNDarabinofuranosidase!(EC!3.2.1.55;!K00520,!Figure!S5I),!glucan!endoD1,3DβDglucosidase!(EC!3.2.1.39;!K00500,!Figure!
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S5G)!and!fructan!βDfructosidase!(EC!3.2.1.80;!K00051,!Figure!S5J)!are!also!encoded.!Cellulase!activity!has!been!described!in!other!invertebrates!but,!where!this!does!occur,!it!seems!to!result!from!HGT!(e.g.!ref.![19]).!!Other!pathways!novel!to!metazoans!but!represented!in!the!bdelloid!transcriptome!are!biosynthetic,!some!of!which!are!associated!with!robustness.!These!include!production!of!the!powerful!antioxidant,!trypanothione,!normally!only!produced!by!parasitic!protozoa,!which!is!specified!by!two!foreign!transcripts:!a!glutathionylspermidine!synthetase!(EC!6.3.1.8),!and!a!trypanothione!synthase!(EC!6.3.1.9;!K00480;!Figure!3F,!Figure!S5K).!Such!antioxidants!could!play!a!role!in!desiccation!tolerance,!where!protection!of!repair!systems!against!oxidative!stress!is!thought!to!be!crucial![20]–[22].!Foreign!gene!products!can!also!add!extensions!or!linking!steps!to!existing!metazoan!metabolism!in!A.#ricciae.!Valine!and!isoleucine!are!essential!amino!acids!in!animals!and!must!normally!be!accumulated!from!the!diet.!However,!foreign!transcripts!encode!ketolDacid!reductoisomerase!(EC!1.1.1.86)!and!dihydroxyDacid!dehydratase!(EC!4.2.1.9),!allowing!completion!of!biosynthetic!routes!to!these!amino!acids!from!pyruvate!(K00290;!Figure!3G,!Figure!S5L).!A.#ricciae!also!encodes!a!fungal!form!of!pyruvate!decarboxylase!(EC!4.1.1.1;!K00010),!allowing!an!additional!end!step!to!glycolysis!for!the!regeneration!of!NAD+!from!NADH!under!anaerobic!conditions!with!the!production!of!ethanol!(Figure!3H,!Figure!S5M);!animals!usually!only!form!lactate!from!pyruvate!under!these!conditions.!A!further!intriguing!possibility!highlighted!by!the!transcriptome!analysis!is!that!the!bdelloid!can!fix!carbon!from!CO2,!using!eubacterial!forms!of!phosphoenolpyruvate!synthase!(EC!2.7.9.2)!and!phosphoenolpyruvate!carboxylase!(EC!4.1.1.31;!K00720;!Figure!3I,!Figure!S5N),!by!a!route!used!in!plants!and!bacteria,!but!not!in!fungi!or!animals.!Where!it!is!meaningful!to!do!so,!i.e.!where!there!are!significant!metazoan!BLAST!matches,!phylogenetic!trees!are!shown!in!Figure!S2G–S2M!for!example!transcript!contigs!representing!foreignDencoded!activities!in!Figure!3.!!In!a!few!cases,!where!we!would!expect!to!find!a!metazoan!sequence,!this!is!absent!from!the!transcriptome!and!the!activity!is!instead!represented!by!a!
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foreign!counterpart.!For!instance,!a!fungal!form!of!stearoylDCoA!deltaD9!desaturase!(EC!1.14.19.1;!K01040;!Figure!S5O),!an!essential!enzyme!for!the!synthesis!of!monounsaturated!fatty!acids,!is!present,!but!no!metazoan!equivalent!was!discovered!in!the!transcriptome.!To!control!for!the!possibility!that!relevant!metazoan!genes!had!not!been!expressed!in!study!samples,!we!searched!a!draft!A.#
ricciae!genome!sequence,!but!failed!to!find!them,!although!the!gene!encoding!the!foreign!transcript!was!present.!While!the!inability!to!detect!a!particular!sequence!is!not!proof!of!its!absence,!this!suggests!that!the!metazoan!form!of!stearoylDCoA!deltaD9!desaturase!has!been!lost!in!the!bdelloid,!perhaps!following!a!detrimental!mutation,!and!that!a!foreign!gene!has!been!coDopted!in!this!role.!Other!examples!of!a!foreign!sequence!potentially!replacing!a!metazoan!counterpart!include!nicotinateDnucleotide!diphosphorylase!(EC!2.4.2.19;!K00760),!which!catalyses!a!step!in!NAD+!biosynthesis,!and!the!antioxidant!peptideDmethionine!(S)DSDoxide!reductase!(EC!1.8.4.11).!!!
Discussion!
!In!recent!years,!there!has!been!increasing!interest!in!HGT,!but!most!investigations!have!been!performed!in!prokaryotes!or!in!unicellular!eukaryotes.!In!these!organisms,!HGT!is!considered!a!main!driver!of!innovation,!often!associated!with!speciation![23],![24].!In!multicellular!eukaryotes,!there!has!been!less!emphasis!on!HGT,!partly!because!it!is!thought!to!occur!on!a!much!smaller!scale![14],![25],!and!partly!because!there!are!fewer!wellDannotated!genome!sequences!available.!Since!de#novo!whole!genome!assembly!is!still!a!significant!challenge!for!complex!organisms,!particularly!for!the!bdelloid!rotifer!with!its!unusual!genome!characterised!by!degenerate!tetraploidy,!divergence!of!formerly!allelic!sequences,!and!gene!conversion!between!gene!copies![7],![26],![27],!we!chose!to!assess!HGT!primarily!at!the!transcriptome!level.!This!study!represents!the!first!global!analysis!of!the!expressed!genes!in!a!bdelloid!rotifer,!A.#ricciae,!and!the!contribution!of!horizontally!acquired!sequences!to!its!transcriptome.!The!results!reveal!a!remarkable!degree!of!HGT!in!the!bdelloid,!with!approximately!
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10%!of!identifiable,!transcribed!sequences!deriving!mainly!from!prokaryotes,!but!also!from!fungi,!plants!and!algae,!and!protists.!!The!method!for!assessing!HGT!in!the!bdelloid!transcriptome!is!novel,!but!follows!principles!currently!recognised!as!the!most!rigorous,!where!sequence!matching!is!coupled!with!phylogenetics![14].!There!have!been!relatively!few!such!global!analyses!among!the!Metazoa!that!test!for!expression!of!horizontally!acquired!sequences,!one!example!being!in!Hydra#magnipapillata,!where!seventyDone!“gene!models”!apparently!derive!from!bacteria,!70%!of!which!were!shown!to!be!transcribed![28].!For!the!bdelloid!work,!we!introduced!the!HGT!index,!h,!which!is!calculated!as!the!difference!in!bitscores!between!best!nonDmetazoan!and!best!metazoan!matches!in!BLAST!alignments,!to!give!a!measure!of!the!“foreignness”!of!any!sequence.!We!preferred!the!HGT!index!to!the!Alien!Index!(AI),!developed!previously!for!assessing!foreign!sequences!in!bdelloid!subtelomeric!regions![8]!and!also!used!in!the!Hydra!study![28],!because!h!is!calculated!from!bitscores!and!is!therefore!not!influenced!by!the!sizes!of!the!databases!used!to!perform!the!BLAST!screen.!In!contrast,!if!eDvalues!are!used,!as!for!the!AI,!the!score!changes!with!database!size.!Additionally,!an!arbitrary!constant!must!be!included!in!the!AI!formula!so!that!the!index!does!not!become!infinite!with!identical!matches!to!database!sequences;!this!adjustment!is!unnecessary!with!the!HGT!index.!!!Although!Figure!1A!showed!that,!whatever!value!of!h!is!chosen,!there!is!a!greater!proportion!of!foreign!sequences!in!the!bdelloid!than!in!other!invertebrates,!it!is!useful!to!adopt!a!threshold!value!to!signify!a!foreign!sequence.!In!principle,!any!sequence!with!h>0!is!more!likely!be!foreign,!but!there!will!be!uncertainty!at!values!close!to!zero!where!nonDmetazoan!and!metazoan!sequences!have!similar!degrees!of!divergence!from!the!test!sequence.!One!technique!for!identifying!a!reliable!threshold!value!of!h!is!to!normalise!the!proportion!of!foreign!sequences!against!the!“background”!levels!found!in!other!invertebrates.!The!greater!proportion!of!horizontally!acquired!sequences!in!the!bdelloid!then!becomes!apparent!above!the!minimum!threshold!level!of!h!required!to!confidently!identify!their!foreign!nature,!as!shown!in!Figure!1B.!This!was!validated!by!phylogenetics,!where!possible!(i.e.!where!matching!metazoan!counterparts!
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exist),!which!showed!that!the!vast!majority!of!bdelloid!transcript!contigs!with!
hU≥30!did!not!cluster!with!metazoan!sequences.!!There!are!other!technical!considerations!in!any!assessment!of!HGT.!For!example,!we!classified!sequences!as!either!metazoan!or!nonDmetazoan,!and!therefore!any!HGT!from!other!animals!(including!other!bdelloids)!into!the!A.#ricciae!genome!would!be!missed.!Of!course,!there!is!no!reason!to!believe!that!bdelloids!are!unable!to!acquire!genes!from!other!metazoans,!or!indeed!from!other!rotifers;!in!fact,!this!might!be!more!efficient!than!acquisition!from!microorganisms,!since!fewer!changes!to!metazoan!genes!should!be!required!before!they!become!expression!competent.!Therefore,!our!approach!is!likely!to!give!a!minimum!estimate!of!the!extent!of!HGT!in!the!bdelloid.!Another!factor!that!might!influence!this!estimate!is!the!approximately!half!of!transcript!contigs!that!showed!no!match!with!known!sequences!and!therefore!had!to!be!excluded!from!further!analysis.!If!all!these!sequences!originate!from!vertical!transmission!into!the!bdelloid!lineage,!then!this!would!reduce!the!estimate!of!HGT.!However,!there!is!no!a#priori!reason!to!assume!this:!the!proportion!of!foreign!sequences!in!this!nonDmatched!set!could!be!higher,!lower!or!about!the!same!as!in!the!matched!set.!How!the!matched!and!nonDmatched!sequence!sets!are!defined!could!also!potentially!influence!the!proportion!defined!as!HGT.!We!used!10−5!as!a!maximum!value!for!a!significant!match!when!BLAST!screening!the!transcript!contigs!against!the!databases!and!this!gave!28,922!contigs!in!the!matched!set.!If!10−10!or!10−15!is!used!as!a!cutDoff!value,!the!number!of!matched!contigs!decreases!to!22,719!and!17865,!respectively,!but!the!fraction!scored!as!foreign!(i.e.!with!
hU≥30)!remains!high,!at!11.5%!and!11.7%!of!matched!sequences,!respectively.!Which!database!is!used!for!BLAST!matching!also!does!not!seem!to!be!a!major!factor!since!both!UniProtKB!and!SwissDProt!gave!similar!proportions!of!foreign!transcripts!at!9.7%!and!11.3%,!respectively.!A!final!technical!consideration!might!be!to!ask!whether!the!HGT!resulting!from!the!endosymbiosis!of!the!mitochondrial!precursor!affects!our!results.!Endosymbiosis!was!a!primordial!event!for!eukaryotes,!with!acquisition!of!mitochondrial!precursors!taking!place!in!the!earliest!eukaryotic!cells,!perhaps!two!billion!years!ago![29].!The!horizontal!gene!transfer!we!describe!is!very!
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unlikely!to!have!occurred!before!the!divergence!of!bdelloids!from!monogonont!rotifers!(or!B.#plicatilis!would!share!similarly!high!levels!of!foreign!genes),!and!therefore!probably!took!place!at!most!100,!more!likely!65–80,!million!years!ago![30].!If!horizontal!gene!transfer!has!continued!throughout!bdelloid!evolution,!many!events!will!be!more!recent.!Consequently,!most,!perhaps!all,!gene!flux!from!mitochondrial!precursor!to!nucleus!would!have!occurred!before!bdelloids!arose.!Thus,!we!would!not!expect!significant!differences!in!numbers!of!nuclear!mitochondrial!genes!between!bdelloids!and!the!other!major!class!of!rotifers,!the!monogononts,!as!exemplified!by!B.#plicatilis!in!our!study.!To!test!what!proportion!of!foreign!genes!apparently!derive!from!mitochondrial!nuclear!genes,!we!BLAST!aligned!sequences!of!1,098!known!nuclear!mitochondrial!genes!from!MitoCarta!(www.broadinstitute.org/pubs/MitoCarta)!against!our!transcripts.!Using!a!cutDoff!of!10−5,!only!0.7%!of!transcripts!of!foreign!origin!(hU≥30)!matched!mitochondrial!nuclear!genes,!whereas!2.9%!of!those!of!metazoan!origin!(hU≤0)!gave!matches.!If!we!adjust!the!BLAST!cutDoff!to!10−10!and!10−15,!these!proportions!are!approximately!the!same:!0.7%!vs.!3.3%,!and!0.8%!vs.!3.6%,!respectively.!This!shows!that!transcripts!for!nuclear!mitochondrial!genes!are!less!likely!to!be!found!in!the!foreign!sequence!set!than!among!metazoan!transcripts!and!therefore!will!not!cause!an!overestimate!of!HGT.!!The!complexity!of!foreign!gene!expression!observed!in!the!bdelloid!rotifer!A.#
ricciae!is!comparable!to!that!in!prokaryotes![31]!and!is!far!greater!than!in!other!animals!where!relatively!few!genes!are!involved![14],![25],![28].!For!example,!while!in!Hydra!perhaps!50!foreign!genes!are!active![28],!in!Drosophila#ananassae,!which!has!acquired!most!of!the!genome!of!its!endosymbiont,!Wolbachia,!by!HGT,!only!28!genes!are!transcribed;!the!model!fly,!D.#melanogaster,!has!not!acquired!the!Wolbachia!genome![32],![33].!In!pea!aphids,!red!body!colour!results!from!the!expression!of!carotenoid!genes!acquired!and!diversified!from!fungal!counterparts![34],![35].!In!the!sea!slug,!Elysia#chlorotica,!HGT!and!expression!of!the!algal!psbO!gene!allows!photosynthesis!in!plastids!also!acquired!from!the!alga![36].!However,!there!is!a!need!for!more!animal!studies!at!the!whole!transcriptome!level.!It!is!surprising,!for!example,!that!there!are!no!comprehensive!global!studies!of!HGT!in!C.#elegans!in!the!literature![37],!as!our!
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analysis!suggests!there!are!approximately!200!foreign!transcripts!in!the!model!nematode.!The!software!pipeline!developed!for!this!study!has!the!potential!to!be!used!more!widely!where!expression!data!are!available!to!gain!a!more!complete!picture!of!HGT!in!metazoans.!!Nevertheless,!the!scale!of!HGT!in!the!bdelloid!seems!to!be!unusual!among!animals!and!it!would!be!interesting!to!address!the!importance!of!asexuality!and!desiccation!tolerance!in!this!phenomenon.!For!example,!transcriptome!data!from!the!nematode!Panagrolaimus#superbus,!which!is!anhydrobiotic,!but!gonochoristic!(i.e.!reproduces!only!sexually),!has!recently!been!published![38].!The!authors!highlighted!one!foreign!sequence!in!the!P.#superbus!transcriptome,!but!did!not!perform!a!global!analysis!for!HGT.!If!this!nematode!contains!low!numbers!of!foreign!sequences,!it!would!rule!out!that!desiccation!tolerance!per#se,!without!asexuality,!is!associated!with!extensive!HGT.!Another!characteristic!of!HGT!in!A.#
ricciae!is!that!the!source!organisms!are!extremely!diverse!and!include!examples!that!are!unlikely!to!be!symbionts!or!even!in!the!bdelloid's!immediate!habitat,!such!as!the!trypanosome!relative!from!which!trypanothione!biosynthesis!genes!derive.!Therefore,!bdelloids!are!likely!able!to!readily!scavenge!and!incorporate!DNA!from!the!environment,!and!desiccation,!which!could!lead!to!both!leakiness!in!cell!membranes!and!doubleDstrand!breaks!in!rotifer!chromosomes,!might!facilitate!this.!!HGT!in!the!bdelloid!has!the!potential!to!radically!extend!and!complement!metazoan!biochemistry,!since!approximately!80%!of!foreign!sequences!are!concerned!with!enzyme!activity,!much!of!which!is!novel!in!animals.!This!supports!the!complexity!hypothesis,!which!states!that!genes!whose!products!are!involved!in!relatively!few!proteinDprotein!interactions,!such!as!those!specifying!enzymes,!are!more!likely!to!be!horizontally!transferred!than!those!with!a!higher!degree!of!connectivity,!like!transcription!factor!genes![17],![39],![40].!Thus,!although!the!complexity!hypothesis!was!developed!to!explain!observations!in!prokaryotes,!it!also!seems!to!apply!to!the!large!scale!HGT!observed!in!the!bdelloid.!It!would!be!interesting!to!investigate!in!the!bdelloid!a!more!recent!suggestion!from!a!study!in!prokaryotes!that!highly!expressed!genes!are!less!
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likely!to!be!horizontally!transferred!between!organisms![41].!Technically,!this!might!be!difficult!to!achieve,!as!we!estimate!there!are!at!least!533!source!organisms!that!have!contributed!to!the!bdelloid!genome!by!HGT,!but!we!will!explore!this!in!future!work.!!The!novel!biochemistry!implicated!includes!the!ability!to!degrade!toxins,!and!indeed!to!exploit!them!and!a!range!of!otherwise!unmetabolisable!organic!molecules!as!food!sources,!and!to!use!novel!biosynthetic!pathways!to!generate!protective!molecules,!for!example!antioxidants,!or!nutrients!that!are!rare!in!the!environment.!This!is!expected!to!increase!bdelloid!stress!tolerance!and!competitiveness,!and!could!be!important!for!anhydrobiosis.!Bdelloids!do!not!produce!trehalose!or!other!nonDreducing!disaccharides![42]–[44]!and!have!unusual!LEA!proteins![26],![44],![45],!and!therefore!mechanisms!associated!with!desiccation!tolerance!in!other!anhydrobiotes!do!not!apply.!Recently,!the!bdelloid!
A.#vaga!was!shown!to!have!high!antioxidant!capacity;!this!reduces!protein!oxidation,!which!is!thought!to!be!a!major!problem!caused!by!desiccation!and!the!dry!state![22].!Antioxidants!in!bdelloids!have!not!been!characterised,!but!it!will!be!of!interest!to!determine!how!far!HGT!plays!a!role;!this!is!currently!under!investigation.!!It!is!also!tempting!to!speculate!that!HGT!facilitates!longDterm!persistence!in!the!absence!of!sex:!asexuals!are!unable!to!bring!together!novel!gene!combinations!arising!within!a!population!since!they!lack!conventional!genetic!exchange!mechanisms;!equally,!asexuals!cannot!eliminate!detrimental!mutations!readily![10],![11].!Uptake!and!expression!of!genes!from!other!organisms!is!a!means!of!diversifying!functional!capacity,!particularly!biochemical!capacity,!and!the!potential!to!replace!defective!genes!with!foreign!counterparts!could!protect!against!loss!of!function!through!mutation.!
Materials!and!Methods!
#
Adineta(ricciae(cDNA(library(preparation,(sequencing,(and(assembly(The!bdelloid!rotifer!Adineta#ricciae!was!supplied!by!Claudia!Ricci,!University!of!Milan.!A!clone!culture!was!split!into!four!populations:!one!was!kept!hydrated!and!
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the!other!three!were!dehydrated!for!24,!48!and!72!h,!as!described!previously![9].!RNA!was!extracted!separately!from!each!bdelloid!population!with!TRI!reagent!(Sigma)!according!to!manufacturers’!instructions.!RNA!purity!and!concentration!were!measured!with!a!NanoDrop!spectrophotometer.!Oligo(dT)Dprimed!cDNA!from!all!four!sets!was!prepared!with!a!Clontech/Takara!SMART!PCR!cDNA!Synthesis!Kit!and!an!Advantage!2!PCR!Enzyme!System!using!Invitrogen!SuperScript!III!Reverse!Transcriptase.!1!µg!cDNA!from!each!preparation!was!pooled!and!the!resulting!mixed!cDNA!library!was!normalized!with!Evrogen!Trimmer!cDNA!normalization!kit,!according!to!manufacturers’!instructions.!About!8!µg!of!both!the!normalized!and!nonDnormalised!cDNA!library!(each!made!of!the!mixed!of!hydrated!and!desiccated!rotifers)!were!pooled!and!a!pairedDend!sequencing!library!with!insert!size!200!bp!was!prepared.!Massively!parallel!Illumina!sequencing!was!performed,!resulting!in!19.5!million!76Dbase!reads.!These!were!assembled!with!the!CLCDbio!(www.clcbio.com)!assembler,!using!a!kDmer!size!of!22,!no!minimum!contig!length!and!all!other!options!at!the!default!settings.!The!resulting!assembly!used!9,048,520!of!the!reads!(46.4%)!for!a!total!length!of!27,227,333!bp!giving!an!average!coverage!of!25.3!times.!This!produced!a!library!of!61,219!transcript!contigs!of!size!range!118–3674!bp,!with!median!size!341!bp,!and!mean!size!445!bp!(standard!deviation!295!bp).!Transcript!contigs!have!accession!numbers!HE687510!to!HE716431.!
(
HGT(index(determination(Analysis!of!the!bdelloid!transcriptome!was!performed!using!R!(The!R!Project!for!Statistical!Computing,!http://www.rDproject.org/)!complemented!with!NCBIDBlast!2.2.23+–2.2.25+!(Basic!Local!Alignment!Search!Tool)![46],!ClustalW2!(EMBLDEBI)!and!PhyML!3.0![47].!BLASTX!was!used!to!compare!the!complete!set!of!61,219!bdelloid!transcripts!against!taxaDspecific!subsets!of!UniProtKB,!labelled!as!Metazoa,!Plantae,!Fungi,!Eubacteria,!Archea!and!“Other!Eukaryotes”!(Eukaryotes!which!are!neither!Metazoa!nor!Plants!nor!Fungi).!The!taxaDspecific!subsets!only!included!sequences!from!complete!proteomes!(keyword:!KWD0181)!in!order!to!reduce!the!search!space!and!to!avoid!bias!towards!specific!types!of!proteins!that!have!been!sequenced!in!many!organisms.!EDvalue!and!bitscores!were!collected!for!the!best!five!hits!of!each!transcript!against!each!taxon,!and!
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32,297!sequences!that!did!not!have!any!match!with!at!least!one!taxon!with!an!EDvalue≤10−5!were!excluded!from!further!analysis.!The!alien!index![8]!and!the!HGT!index!(hU)!were!calculated!for!each!of!the!remaining!28,922!sequences.!The!HGT!index!(hU)!is!calculated!as!the!difference!between!the!highest!nonDmetazoan!and!the!highest!metazoan!bitscore.!Bitscores,!being!independent!of!the!search!space,!do!not!depend!on!the!size!of!the!database!used!to!calculate!the!BLAST!score,!reducing!the!incorrect!determination!of!sequences.!Setting!the!hU!threshold!value!is!explained!in!the!text.!Similar!analyses!were!performed!for!the!C.#elegans!(WormBase!release!WS226;!www.wormbase.org),!D.#melanogaster!(FlyBase!release!r5.37)!and!B.#plicatilis!transcriptomes.!In!the!first!two!of!these!cases,!proteins!from!the!phylum!containing!the!test!organism!(i.e.!Nematoda/Arthropoda)!were!excluded!from!the!Metazoan!database,!as!is!common!practice![8],![28].!For!both!A.#ricciae!and!B.#plicatilis!this!exclusion!was!not!necessary!as!there!are!currently!no!complete!proteomes!available!for!the!phylum!Rotifera.!For!B.#plicatilis,!ESTs!with!accession!numbers!FM897377–FM945301![48]!were!first!assembled!with!CAP3![49]!into!16024!contigs,!which!became!9685!contigs!after!filtering!for!a!BLASTX!eDvalue≤10−5.!!
Phylogenetic(analysis(To!confirm!the!nonDmetazoan!origin!of!the!sequences!with!hU≥30!and!at!least!one!significant!metazoan!hit,!each!transcript!meeting!these!conditions!was!translated!and!aligned!using!ClustalW2!to!the!output!(the!best!hits!for!each!of!the!five!taxa)!of!the!previous!blastx!analysis.!Each!alignment!was!then!trimmed!to!exclude!regions!where!only!one!of!the!sequences!was!present,!and!phylogenetic!trees!were!built!in!PhyML!from!aminoDacids!sequences!using!a!JTT!model![15];!branch!support!was!calculated!with!the!aLRT!(approximate!LikelihoodDRatio!Test)!method.!The!transcripts!were!then!assigned!to!one!of!five!groups!according!to!the!aLRT!support!for!each!metazoan!or!nonDmetazoan!taxon:!group!1!contains!sequences!that!are!monophyletic!with!Metazoa!(or!where!there!were!only!metazoan!hits!from!the!blast!analysis);!group!2!contains!sequences!for!which!monophyly!with!Metazoa!cannot!be!strongly!rejected;!group!3!contains!cases!where!there!are!too!few!sequences!to!define!a!meaningful!clade;!group!4!contains!cases!were!monophyly!with!Metazoa!can!be!strongly!rejected;!group!5!
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contains!transcripts!which!are!monophyletic!with!another!single!(nonDmetazoan)!taxon.!Analysis!of!these!data!showed!that!98%!of!the!sequences!with!at!least!one!significant!metazoan!hit!and!hU≥30!are!truly!nonDmetazoan!as!they!fall!into!groups!4!and!5!(Table!1;!Table!S1).!To!compare!the!bdelloid!transcriptome!to!those!of!other!species,!the!same!analysis!was!performed!on!the!published!transcriptomes!from!the!monogonont!rotifer!B.#plicatilis,!the!nematode!C.#elegans!and!the!fly!D.#melanogaster,!calculating!the!percentage!of!sequences!above!threshold!for!a!given!value!of!hU!as!shown!in!Figure!1A.!!Manual!sequencing!of!selected!genomic!DNA!regions!around!some!foreign!genes!To!confirm!the!presence!of!foreign!genes!in!the!bdelloid!genome!and!to!assess!the!possibility!of!contamination!from!food,!symbionts,!parasites!and!other!organisms,!we!manually!sequenced!the!genomic!DNA!around!some!genes!of!interest.!A!number!of!assembled!transcript!fragments,!chosen!at!random!from!a!subset!of!foreign!sequences!encoding!biochemical!functions!that!have!never!been!reported!in!metazoans,!were!blast!screened!against!a!(partial)!genome!assembly!of!A.#ricciae!and!the!longest!genomic!DNA!contig!for!each!transcript!was!identified.!This!was!then!compared!using!blastx!to!the!NCBI!nonDredundant!database!to!find!other!genes!on!the!same!genomic!DNA!fragment,!and!primers!were!designed!around!these!regions.!Genomic!DNA!was!extracted!from!an!A.#
ricciae!population!derived!from!the!original,!and!11!individual!regions,!were!PCR!amplified!using!Finnzymes!Phusion!High!Fidelity!Taq!polymerase,!adding!an!A!overhang!after!PCR!with!Advantage!2!PCR!Enzyme!System.!The!resulting!PCR!product!was!cloned!into!pCR!2.1!TOPO!TA!(Invitrogen),!inserted!into!competent!
E.#coli!(New!England!BioLabs)!and!whiteDblue!colony!screening!was!performed.!Ten!positive!colonies!for!each!PCR!product!were!chosen,!and!plasmid!DNA!was!purified!and!restriction!digested!to!check!for!insert!size.!One!clone!for!each!genomic!DNA!region!was!sequenced!via!primer!walks!using!a!standard!dideoxy!method!at!the!University!of!Cambridge!Department!of!Biochemistry!Sequencing!Facility.!Of!the!11!attempted,!eight!are!shown!as!Figure!2B.!For!the!remaining!three!examples,!one!amplification!worked,!but!sequencing!could!not!be!completed!since!the!insert!was!long!and!unstable!in!E.#coli:!although!the!sequence!of!the!middle!of!this!fragment!could!not!be!determined,!we!confirmed!
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that!one!end!contained!a!metazoan!gene!and!the!other!contained!two!genes!of!bacterial!origin.!Another!amplification!was!not!of!the!target!region,!and!one!amplification!failed!altogether.!!The!successfully!amplified!and!sequenced!genomic!DNA!regions!were!then!manually!aligned!in!Geneious!(www.geneious.com)!with!the!relevant!transcripts!from!the!library,!then!blastx!aligned!against!the!nonDredundant!NCBI!database!and!annotated.!Each!annotated!gene!was!considered!metazoan!or!notDmetazoan!according!to!its!best!hits!in!the!published!database.!Figure!2B!represents!eight!genomic!regions!with!the!annotated!genes!colourDcoded!according!to!the!tree!in!Figure!2A!(metazoa,!black;!eubacteria,!blue;!fungi,!pink;!protists,!grey).!In!two!cases,!two!foreign!genes!are!present!on!the!same!genome!fragment,!but!they!derive!from!different!taxa.!Occasionally,!a!gene!next!to!a!foreign!representative!has!been!identified!previously!in!a!bdelloid!rotifer!species,!and!is!annotated!with!an!asterisk!in!the!figure.!Figure!2B!shows!the!shortest!region!including!one!foreign!gene!and!one!metazoan!(or!another!nonDmetazoan!from!a!different!taxon)!gene,!but!in!a!few!examples!the!actual!sequenced!region!was!longer!than!shown.!Accession!numbers!for!these!eight!genomic!regions!are!HE662868!to!HE662875.!!
Comparison(with(the(genome(Transcripts!were!aligned!to!the!draft!genome!using!blastn.!To!determine!the!total!length!of!alignment!of!a!transcript!all!matches!for!that!transcript!fulfilling!the!following!criteria!were!used:!1)!EDvalue≤10−3;!2)!nonDoverlapping!with!any!previous!matches;!3)!longer!than!40!bp!(a!minimum!exon!length!constraint);!and!4)!on!the!same!genomic!contig!as!a!previous!match!OR!within!1000!bp!of!the!start/end!of!a!genomic!contig!when!a!previous!match!was!also!within!1000!bp!of!the!start/end!of!a!genomic!contig!(a!maximum!intron!length!constraint).!The!total!aligning!length!(sum!of!the!length!of!the!matches!that!fulfill!these!conditions)!was!then!divided!by!the!length!of!the!transcript!and!this!percentage!plotted!as!a!histogram!for!all!transcripts.!Transcripts!were!considered!to!be!“on”!a!genomic!contig!if!they!had!a!match!on!it!fulfilling!the!above!criteria.!For!each!
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genomic!contig!with!a!foreign!transcript!on!it!the!number!of!metazoan!transcripts!and!foreign!transcripts!with!a!different!origin!was!calculated.!EC!number!assignation!and!KEGG!pathways!analysis!!The!28,922!sequences!with!at!least!one!match!with!EDvalue≤10−5!were!blastx!aligned!to!the!whole!of!SwissDProt!(532,146!proteins!at!time!of!analysis)!and!the!results!were!filtered!to!give!only!transcripts!with!at!least!one!match!to!a!protein!that!was!annotated!with!an!EC!number.!An!HGT!index!for!these!transcripts!was!then!calculated!as!before!(but!denoted!hS,!to!show!that!the!comparison!was!done!with!SwissDProt!rather!than!with!UniProtKB,!cf.!hU).!Based!on!hS,!the!transcripts!were!then!subdivided!into!three!groups:!horizontally!transferred!(hS≥30),!indeterminate!(0<hS<30)!and!metazoan!(hS≤0).!For!horizontally!transferred!and!metazoan!transcripts!the!EC!numbers!of!their!first!match!were!collated!and!input!into!the!KEGG!website!(http://www.genome.jp/kegg/tool/map_pathw!ay1.html)!to!determine!which!KEGG!pathways!they!occurred!in.!!EC!numbers!were!also!assigned!a!colour:!green!(EC!number!is!only!annotated!to!matches!of!transcripts!with!metazoan!origin),!red!(EC!number!is!only!annotated!to!matches!of!horizontally!transferred!transcripts),!grey!(EC!number!is!only!annotated!to!matches!of!transcripts!with!indeterminate!origin),!orange!(green!plus!red!(and!possibly!grey)),!pink!(red!plus!grey),!light!green!(green!plus!grey).!These!were!input!into!the!KEGG!website!(http://www.genome.jp/kegg/tool/map_pathw!ay2.html)!to!produce!the!coloured!pathway!diagrams!shown!in!Figure!3!and!Figure!S5.!!The!results!were!then!extracted!from!the!KEGG!website!and!a!hypergeometric!test!performed!to!calculate!which!KEGG!pathways!were!enriched!for!horizontal!transfer!as!compared!to!the!total!number!of!unique!EC!numbers!found!for!all!transcripts!and!the!total!number!of!unique!EC!numbers!found!for!horizontally!transferred!transcripts.!BenjaminiDHochberg!multiple!testing!correction!was!performed!to!reduce!the!false!positive!rate!(Table!S4).!The!workflow!is!shown!in!Figure!S6.!!
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!
Supplementary!data!published!online:!http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.pgen.1003035#s1!
!
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Appendix!III.!
!
Supplementary!data,!chapter!5.!
!
Supplementary!file!S1.!Samples!used!for!sequencing!of!candidate!genes!in!chapter!5,!including!country!of!origin!where!possible.!Sample!name! Family! Species! Country!A558.AB1! Adinetidae! Adineta#barbata# Sweden!A558.AB4! Adinetidae! Adineta#barbata# Sweden!A545.AC2! Adinetidae! Adineta#cuneata# Sweden!A545.AC3! Adinetidae! Adineta#cuneata# Sweden!A545.AC4! Adinetidae! Adineta#cuneata# Sweden!A545.AC5! Adinetidae! Adineta#cuneata# Sweden!AG25.1! Adinetidae! Adineta#gracilis# UK!AR! Adinetidae! Adineta#ricciae# Australia!BG0744_ASt1! Adinetidae! Adineta#steineri# Bulgaria!PloASt11! Adinetidae! Adineta#steineri# Poland!A661.AS1! Adinetidae! Adineta#steineri# Sweden!A661.AS2! Adinetidae! Adineta#steineri# Sweden!A661.AS3! Adinetidae! Adineta#steineri# Sweden!A661.AS4! Adinetidae! Adineta#steineri# Sweden!A661.AS5! Adinetidae! Adineta#steineri# Sweden!S09D1_ASt1! Adinetidae! Adineta#steineri# UK!A667.AT1! Adinetidae! Adineta#tuberculosa# Iceland!A667.AT2! Adinetidae! Adineta#tuberculosa# Iceland!A667.AT3! Adinetidae! Adineta#tuberculosa# Iceland!A667.AT4! Adinetidae! Adineta#tuberculosa# Iceland!A550.AT1! Adinetidae! Adineta#tuberculosa# Sweden!A550.AT2! Adinetidae! Adineta#tuberculosa# Sweden!A550.AT3! Adinetidae! Adineta#tuberculosa# Sweden!A550.AT4! Adinetidae! Adineta#tuberculosa# Sweden!A505.AV10! Adinetidae! Adineta#vaga# Sweden!A505.AV11! Adinetidae! Adineta#vaga# Sweden!A505.AV12! Adinetidae! Adineta#vaga# Sweden!A505.AV9! Adinetidae! Adineta#vaga# Sweden!1R1a! Adinetidae! Adineta#vaga# UK!JGAV4! Adinetidae! Adineta#vaga# UK!3R1a! Adinetidae! Adineta#vaga# Japan!orange!WB1! Adinetidae! Adineta#vaga# Japan!D10.6! Adinetidae! Adineta#vaga# UK!3Q1a! Adinetidae! Adineta#vaga# USA!2T34! Adinetidae! Adineta#vaga# !2V4! Adinetidae! Adineta#vaga# UK!2V5! Adinetidae! Adineta#vaga# UK!B1! Adinetidae! Adineta#vaga# UK!O1! Adinetidae! Adineta#vaga# UK!
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P1! Adinetidae! Adineta#vaga# UK!A734.DA1! Philodinidae! Dissotrocha#aculeata# !A734.DA2! Philodinidae! Dissotrocha#aculeata# !A810.PM21! Philodinidae! Philodina#megalatrocha#A810.PM22! Philodinidae! Philodina#megalatrocha#A811.PM13! Philodinidae! Philodina#megalatrocha#A811.PM14! Philodinidae! Philodina#megalatrocha#A797.PC4! Philodinidae! Philodina#citrina# !!A595.RMn3! Philodinidae! Rotaria#mento# Sweden!SA595.RMn4! Philodinidae! Rotaria#mento# Sweden!A595.RMn5! Philodinidae! Rotaria#mento# Sweden!A595.RMn6! Philodinidae! Rotaria#mento# Sweden!A595.RMn7! Philodinidae! Rotaria#mento# Sweden!A595.RMn8! Philodinidae! Rotaria#mento# Sweden!A708.RR8! Philodinidae! Rotaria#rotatoria# !A718.RR4! Philodinidae! Rotaria#rotatoria# !A788.RR01! Philodinidae! Rotaria#rotatoria# !A788.RR02! Philodinidae! Rotaria#rotatoria# !A788.RR03! Philodinidae! Rotaria#rotatoria# !A814.RR2! Philodinidae! Rotaria#rotatoria# !A513.RR2! Philodinidae! Rotaria#rotatoria# !A790.RR67! Philodinidae! Rotaria#rotatoria# !A718.RR1! Philodinidae! Rotaria#rotatoria# !A790.RR66! Philodinidae! Rotaria#rotatoria# !!A698.RT8! Philodinidae! Rotaria#tardigrada# !A801.RT03! Philodinidae! Rotaria#tardigrada# !A801.RT05! Philodinidae! Rotaria#tardigrada# !A801.RT04! Philodinidae! Rotaria#tardigrada# !!2H1! Habrotrochidae! Habrotrocha#ligula# !
!
!
!
Supplementary!file!S2.!sequences!included!as!outDgroups!to!bdelloid!sequences!in!candidate!gene!phylogenies.!
Gene! gi!number! species! kingdom!AV10134! gi|340369675! Amphimedon#
queenslandica!
metazoa!AV10134! gi|498993109! Ceratitis#capitata! metazoa!AV10134! gi|556764171! Pantholops#
hodgsonii!
metazoa!AV10134! gi|472244098! Botryotinia#
fuckeliana!
fungi!AV10134! gi|347827662! Botryotinia#
fuckeliana!
fungi!AV10134! gi|154294329! Botryotinia#
fuckeliana#
fungi!AV10134! gi|512201469! Glarea#lozoyensis# fungi!
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AV10134! gi|378733627! Exophiala#
dermatitidis#
fungi!AV10134! gi|302761210! Selaginella#
moellendorffii#
plants!AV10134! gi|449449080! Cucumis#sativus# plants!AV10134! gi|302768955! Selaginella#
moellendorffii#
plants!AV10134! gi|508708942! Theobroma#cacao# plants!AV10134! gi|168053814! Physcomitrella#
patens#
plants!AV10134! gi|495190082! Ktedonobacter#
racemifer#
eubacteria!AV10134! gi|498179358! Paenibacillus#elgii# eubacteria!AV10134! gi|497360342! Paenibacillus# eubacteria!AV10134! gi|375143592! Niastella#koreensis# eubacteria!AV10134! gi|515718962! Bacillus#sp.# eubacteria!AV10134! gi|496167910! Haloterrigena#
salina#
archaea!AV10134! gi|544639787! unidentified!haloarchaeon# archaea!AV10134! gi|494471393! Natronolimnobius#
innermongolicus! archaea!AV10134! gi|495697852! Natronococcus#
jeotgali#
archaea!AV10134! gi|494486860! Haloferax#
sulfurifontis#
archaea!AV10092! gi|61162201! Pyrus#pyrifolia# plants!AV10092! gi|115450935! Oryza#sativa# plants!AV10092! gi|57232107! Prunus#persica# plants!AV10092! gi|4538943! Arabidopsis#
thaliana#
plants!AV10092! gi|162691981! Physcomitrella#
patens#
plants!AV10092! gi|169604026! Phaeosphaeria#
nodorum#
fungi!AV10092! gi|116191895! Chaetomium#
globosum#
fungi!AV10092! gi|156382804! Nematostella#
vectensis#
metazoa!AV10092! gi|143955283! Mus#musculus# metazoa!AV10092! gi|157106609! Aedes#aegypti# metazoa!AV10092! gi|122891275! Danio#rerio# metazoa!AV10092! gi|72123746! Strongylocentrotus#
purpuratus#
metazoa!AV10092! gi|148231352! Xenopus#laevis# metazoa!AV10092! gi|91078184! Tribolium#
castaneum#
metazoa!AV10092! gi|119372308! Homo#sapiens# metazoa!
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AV10092! gi|115527881! Xenopus#laevis# metazoa!AV10092! gi|122891077! Danio#rerio# metazoa!AV10092! gi|22137334! Mus#musculus# metazoa!AV10092! gi|2289790! Bacillus#circulans# eubacteria!AV10092! gi|167856235! Haemophilus#
parasuis#
eubacteria!AV10092! gi|29376349! Enterococcus#
faecalis#
eubacteria!AV10092! gi|126347898! Streptomyces#
ambofaciens#
eubacteria!AV10109! gi|116494291! Lactobacillus#casei# eubacteria!AV10109! gi|117989773! Burkholderia#
phytofirmans#
eubacteria!AV10109! gi|114049979! Streptomyces#
ambofaciens#
eubacteria!AV10109! gi|47565423! Bacillus#cereus# eubacteria!AV10109! gi|54022468! Nocardia#farcinica# eubacteria!AV10109! gi|13472033! Mesorhizobium#
loti#
eubacteria!AV10109! gi|13474404! Mesorhizobium#
loti#
eubacteria!AV10109! gi|116625638! Candidatus#
Solibacter#usitatus#
eubacteria!AV10109! gi|75907203! Anabaena#
variabilis#
eubacteria!AV10109! gi|75909013! Anabaena#
variabilis#
eubacteria!AV10109! gi|17227848! Nostoc#sp.# eubacteria!AV10109! gi|23125604! Nostoc#
punctiforme#
eubacteria!AV10109! gi|72547448! Leishmania#major# protista!AV10109! gi|72547444! Leishmania#major# protista!AV10109! gi|154344567! Leishmania#
braziliensis#
protista!AV10109! gi|154344565! Leishmania#
braziliensis#
protista!AV10109! gi|71415007! Trypanosoma#
cruzi#
protista!AV10109! gi|71413487! Trypanosoma#
cruzi#
protista!AV10109! gi|157349673! Vitis#vinifera# plants!AV10109! gi|144227404! Papaver#
bracteatum#
plants!AV10109! gi|119489902! Neosartorya#
fischeri#
fungi!AV10109! gi|46115252! Fusarium#
graminearum#
fungi!AV10109! gi|119190857! Coccidioides# fungi!
!! 227!
immitis#AV10109! gi|67904342! Aspergillus#
nidulans#
fungi!AV10109! gi|70998737! Aspergillus#
fumigatus#
fungi!AV10109! gi|83765165! Aspergillus#oryzae# fungi!AV10109! gi|115387179! Aspergillus#terreus# fungi!AV10109! gi|87162646! Medicago#
truncatula#
plants!AV10109! gi|91078534! Tribolium#
castaneum#
metazoa!AV10109! gi|91077926! Tribolium#
castaneum#
metazoa!AV10109! gi|158290876! Anopheles#
gambiae#
metazoa!AV10109! gi|110760009! Apis#mellifera# metazoa!AV10109! gi|21355319! Drosophila#
melanogaster#
metazoa!AV10109! gi|32450664! Mus#musculus# metazoa!AV10109! gi|33991766! Danio#rerio# metazoa!AV10109! gi|156360643! Nematostella#
vectensis#
metazoa!AV10109! gi|148222765! Xenopus#laevis# metazoa!AV10109! gi|145530674! Paramecium#
tetraurelia#
protista!AV10109! gi|146161927! Tetrahymena#
thermophila#
protista!AV10027! gi|161378322! Kordia#algicida# eubacteria!AV10027! gi|209401215! Leeuwenhoekiella#
blandensis#
eubacteria!AV10027! gi|117576522! Gramella#forsetii# eubacteria!AV10027! gi|223667789! Bacteroides#
uniformis#
eubacteria!AV10027! gi|423303061! Bacteroides#
uniformis#
eubacteria!AV10027! gi|223667773! Bacteroides#
uniformis#
eubacteria!AV10027! gi|149935098! Parabacteroides#
distasonis#
eubacteria!AV10027! gi|423336301! Parabacteroides#
distasonis#
eubacteria!AV10027! ! Flavobacterium#
johnsoniae#
eubacteria!AV10027! gi|149278909! Pedobacter#sp.# eubacteria!AV10027! gi|301161079! Bacteroides#
fragilis#
eubacteria!AV10027! gi|52214156! Bacteroides#
fragilis#
eubacteria!
!! 228!
AV10027! gi|156772621! Env!HumanGut# eubacteria!AV10027! gi|259120409! Env!HumanGut! eubacteria!AV10027! gi|259120210! Env!HumanGut! eubacteria!AV10027! gi|148271178! Clavibacter#
michiganensis! eubacteria!AV10027! gi|254692771! Faecalibacterium#
prausnitzii#
eubacteria!Metazoan!betaDgalactosidase! gi|259479143! Brachionus#plicatilis# metazoa!Metazoan!betaDgalactosidase! gi|379722393! Paenibacillus#mucilaginosus# eubacteria!Metazoan!betaDgalactosidase! gi|384092274! Paenibacillus#mucilaginosus# eubacteria!Metazoan!betaDgalactosidase! gi|334138027! Paenibacillus#sp.# eubacteria!Metazoan!betaDgalactosidase! gi|2289790! Bacillus#circulans# eubacteria!Metazoan!betaDgalactosidase! gi|320162379! Anaerolinea#thermophila# eubacteria!Metazoan!betaDgalactosidase! gi|302776532! Selaginella#moellendorffii# plants!Metazoan!betaDgalactosidase! gi|255572933! Ricinus#communis# plants!Metazoan!betaDgalactosidase! gi|391340455! Metaseiulus#occidentalis# metazoa!Metazoan!betaDgalactosidase! gi|194901880! Drosophila#erecta# metazoa!Metazoan!betaDgalactosidase! gi|195152828! Drosophila#persimilis# metazoa!Metazoan!betaDgalactosidase! gi|363736267! Gallus#gallus# metazoa!Metazoan!betaDgalactosidase! gi|22137334! Mus#musculus# metazoa!Metazoan!betaDgalactosidase! gi|157824103! !Rattus#norvegicus# metazoa!Metazoan!betaDgalactosidase! gi|296475022! Bos#taurus! metazoa!Metazoan!betaDgalactosidase! gi|355690250! Mustela#putorius#furo# metazoa!Metazoan!betaDgalactosidase! gi|390336578! Strongylocentrotus#purpuratus# metazoa!
!
!
!
!
!
!
!
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Appendix!IV.!
!
Supplementary!tables!S1OS7,!chapter!6!
!
!
!
Table!S1:!top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#magnacalcarata#and!R.#socialis#with!ω!>!1.!
!
Table!S2:!top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#magnacalcarata#and!R.#sordida#with!ω!>!1.!
!
Table!S3:!top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#magnacalcarata#and!R.#tardigrada#with!ω!>!1.!
!
Table!S4:!top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#socialis#and!R.#
sordida#with!ω!>!1.!
!
Table!S5:!top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#socialis#and!R.#
tardigrada#with!ω!>!1.!
!
Table!S6:!top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#sordida#and!R.#
tardigrada#with!ω!>!1.!
!
Table!S7:!top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!all!four!Rotaria#species!with!support!for!model!M2a!as!a!better!fit!than!M1a.!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Table&S1:&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#magnacalcarata#and!R.#socialis#with!ω!>!1.!!
R.#magnacalcarata#
transcript&
R.#socialis#transcript& Top&blastx&hit& Top&blastx&
description&
Top&
blastx&e5
value&
Blast2Go&
annotation&
GO&categories& EC&
numbers&comp348_c0_seq1! comp602447_c0_seq1! tr|H2W9D2|H2W9D2_CAEJA! Uncharacterized!protein! 6.00EV48!! aquaporin!3!! GO:0015700;!GO:0042476;!GO:0015204;!GO:0015254;!GO:0016021;!GO:0015105;!GO:0070295;!GO:0015250;!GO:0071918;!GO:0005911;!GO:0032526;!GO:0015793;!GO:0016323;!GO:0034220;!GO:0002684;!GO:0005737!!
!
comp19164_c0_seq1! comp31818_c0_seq2! tr|K1QKX9|K1QKX9_CRAGI! Ryanodine!receptor!44F! 3.00EV07!! Calmodulin!4!! GO:0005625;!GO:0005509;!GO:0006468;!GO:0005524;!!GO:0004674! !comp20963_c0_seq1! comp35990_c0_seq2! tr|K1PNB8|K1PNB8_CRAGI! UbiquitinVassociated!and!SH3!domainVcontaining!protein!B! 3.00EV21!! ! ! !comp25268_c0_seq1! comp13588_c0_seq1! tr|G5AM25|G5AM25_HETGA! Sodium/myoVinositol!cotransporter!! 1.00EV41!! sodium!myoVinositol!cotransporter!
GO:0055085;!GO:0016021;!GO:0005215! !
comp26160_c0_seq1! comp25314_c0_seq1! tr|F7FA52|F7FA52_CALJA! Uncharacterized!protein! 7.00EV06!! ! ! !comp27691_c0_seq1! comp12250_c0_seq1! tr|F2U9A2|F2U9A2_SALS5! Putative!uncharacterized!protein! 1.00EV17!! ! ! !comp28091_c0_seq1! comp23515_c0_seq1! tr|F0ZUG7|F0ZUG7_DICPU! Putative!uncharacterized!protein! 5.00EV14!! ! ! !
!! 231!
comp30073_c0_seq2! comp34320_c0_seq3! tr|B2J555|B2J555_NOSP7! Lipolytic!enzyme,!GVDVSVL!family! 1.00EV29!! lipolytic!protein!gVdVsVl!family! GO:0016740;!GO:0052689! EC:2;!EC:3.1.1!!comp32181_c0_seq1! comp21848_c0_seq1! tr|G7YFC2|G7YFC2_CLOSI! Uncharacterized!protein! 7.00EV06!! ! ! !comp32585_c0_seq4! comp553074_c0_seq1! tr|Q1MP78|Q1MP78_LAWIP! Putative!uncharacterized!protein! 4.00EV18!! ! ! !comp33126_c0_seq10! comp33555_c0_seq1! tr|D2QPP2|D2QPP2_SPILD! NHL!repeat!containing!protein! 2.00EV37!! ! ! !comp33393_c1_seq5! comp37596_c0_seq7! tr|D2QPP2|D2QPP2_SPILD! NHL!repeat!containing!protein! 6.00EV08!! ! ! !comp33393_c1_seq7! comp38218_c1_seq4! tr|D2QPP2|D2QPP2_SPILD! NHL!repeat!containing!protein! 4.00EV17!! ! ! !!!!!!!!!!!!!!!!!!
!! 232!
Table&S2:&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#magnacalcarata#and!R.#sordida#with!ω!>!1.!!
R.#magnacalcarata#
transcript! R.#sordida#transcript! Top&blastx&hit! Top&blastx&description! Top&blastx&e5value! Blast2Go&annotation! GO&categories! EC&numbers!comp22521_c0_seq2! comp24853_c0_seq1! tr|B5YDH1|B5YDH1_DICT6! Methylglyoxal!synthase! 1.00EV33! ! ! !comp31598_c0_seq3! comp30521_c0_seq2! tr|E3X4J8|E3X4J8_ANODA! Uncharacterized!protein!! 1.00EV20! ! ! !comp28073_c0_seq2! comp32214_c0_seq1! tr|C3YS86|C3YS86_BRAFL! Putative!uncharacterized!protein! 1.00EV13! mitochondrial!import!inner!membrane!translocase!subunit!tim9!
GO:0072321;!GO:0005743;!GO:0046872;!GO:0051087;!GO:0045039;!GO:0042719;!GO:0005215;!GO:0042803!
!!!!comp20987_c0_seq2! comp34654_c0_seq1! tr|E0VF71|E0VF71_PEDHC! Putative!uncharacterized!protein!! 1.00EV13! ! ! !comp20087_c0_seq1! comp37343_c0_seq1! tr|B3RVW8|B3RVW8_TRIAD! Putative!uncharacterized!protein!! 7.00EV16! ! ! !comp1023_c0_seq1! comp40464_c0_seq4! tr|Q16RA8|Q16RA8_AEDAE! GRAM!domainVcontaining!protein! 2.00EV25! ! ! !comp657027_c0_seq1! comp41798_c1_seq1! tr|E2RSB5|E2RSB5_CANFA! Uncharacterized!protein! 2.00EV67! nuclear!receptor!coactivator!7!isoform!1! GO:0016998! !comp853932_c0_seq1! comp42679_c0_seq13! tr|E0VID6|E0VID6_PEDHC! Titin,!putative!! 2.00EV40! camk!mlck!protein!kinase! GO:0006468;!GO:0048856;!GO:0005524;!GO:0004687! EC:2.7.11.18!comp975489_c0_seq1! comp647801_c0_seq1! tr|Q8XX02|Q8XX02_RALSO! Putative!drug!transport!transmembrane!protein!
3.00EV09! ! ! !
!! 233!
comp32738_c4_seq1! comp725041_c0_seq1! tr|H0ZK61|H0ZK61_TAEGU! Uncharacterized!protein! 1.00EV11! exonuclease!1! GO:0016446;!GO:0048256;!GO:0090305;!GO:0007126;!GO:0046872;!GO:0045145;!GO:0002455;!GO:0045190;!GO:0006298;!GO:0005515;!GO:0004523;!GO:0051908;!GO:0005634;!GO:0043566!
!
!!!!!!!!!!!!!!!!!!!!!!!
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Table&S3:&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#magnacalcarata#and!R.#tardigrada#with!ω!>!1.!!
R.#
magnacalcarata#
transcript! R.#tardigrada#transcript! Top&blastx&hit! Top&blastx&description! Top&blastx&e5value! Blast2Go&annotation! GO&categories! EC&numbers!comp2248_c0_seq1! comp23728_c0_seq1! tr|Q2GMG4|Q2GMG4_CHAGB! Putative!uncharacterized!protein!! 9.00EV07! ! ! !comp14022_c0_seq1! comp713798_c0_seq1! tr|E9H7J5|E9H7J5_DAPPU! Putative!uncharacterized!protein! 5.00EV19! ! ! !comp27030_c0_seq4! comp48993_c0_seq1! tr|E9PTJ4|E9PTJ4_RAT! Glycine!cleavage!system!H!protein,!mitochondrial! 1.00EV32! glycine!cleavage!system!h!mitochondrial!precursor!
GO:0004047;!GO:0019899;!GO:0005960;!GO:0005739;!GO:0019464! EC:2.1.2.10!comp28502_c0_seq2! comp40657_c0_seq2! tr|G8PAW4|G8PAW4_PEDCP! Ribonuclease!BNVlike!family!protein!! 1.00EV05! ! ! !comp32249_c0_seq1! comp68657_c1_seq11! tr|E0VVT3|E0VVT3_PEDHC! Putative!uncharacterized!protein! 2.00EV07! ! ! !comp213424_c0_seq1! comp409060_c0_seq1! tr|Q7Q197|Q7Q197_ANOGA! AGAP009899VPA! 9.00EV40! zinc!finger!protein!with!krab!and!scan!domains!1Vlike! GO:0003676;!GO:0046872! !comp831170_c0_seq1! comp63526_c0_seq5! tr|K1PXN8|K1PXN8_CRAGI! PreVmRNAVsplicing!factor!CWC22Vlike!protein! 3.00EV19! preVmrnaVsplicing!factor!cwc22!homolog! GO:0005737;!GO:0005730;!GO:0008380;!GO:0003677;!GO:0003723;!GO:0006397;!GO:0071013!
!
!!!!!!!
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Table&S4:&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#socialis#and!R.#sordida#with!ω!>!1.!!
R.#socialis#
transcript! R.#sordida#transcript! Top&blastx&hit! Top&blastx&description! Top&blastx&e5value! Blast2Go&annotation! GO&categories! EC&numbers!comp7196_c0_seq1! comp21642_c1_seq1! tr|C3XUD9|C3XUD9_BRAFL! Anoctamin!! 2.00EV122! anoctaminV10!isoform!1! GO:0005622;!GO:0034220;!GO:0005886;!GO:0005229;!GO:0008219;!GO:0006821;!GO:0034707!
!
comp29222_c2_seq1! comp959053_c0_seq1! tr|B3RWB2|B3RWB2_TRIAD! Putative!uncharacterized!protein! 2.00EV06! ! ! !comp38134_c0_seq8! comp42294_c0_seq2! tr|D5GZ90|D5GZ90_LACCS! PG1!protein,!homology!to!Homo!sapiens!! 1.00EV52! ! ! !comp52055_c0_seq1! comp22710_c0_seq1! tr|D2VTC4|D2VTC4_NAEGR! Nucleoside!diphosphate!kinase! 2.00EV11! nucleoside!diphosphate!kinase! GO:0006165;!GO:0004550;!GO:0005829;!GO:0046872;!GO:0006228;!GO:0005758;!GO:0005524;!GO:0006183;!GO:0006241!
EC:2.7.4.6!
comp315285_c0_seq1! comp24853_c0_seq1! tr|B5YDH1|B5YDH1_DICT6! Methylglyoxal!synthase!! 6.00EV34! methylglyoxal!synthase! GO:0019242;!GO:0008929! !comp428731_c0_seq1! comp29342_c0_seq1! tr|A2DN14|A2DN14_TRIVA! Ankyrin!repeat!protein,!putative!! 7.00EV10! ankyrin!repeatVcontaining!protein!
GO:0008270;!GO:0016491;!GO:0055114! EC:1!
comp559150_c0_seq1! comp1336713_c0_seq1! tr|K1RQ26|K1RQ26_CRAGI! Potassium!voltageVgated!channel!subfamily!H!member!7! 1.00EV07! potassium!voltageVgated!channel!subfamily!h!member!2Vlike!
GO:0005249;!GO:0034765;!GO:0071805;!GO:0016021! !
!!
!! 236!
Table&S5:&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#socialis#and!R.#tardigrada#with!ω!>!1.!!
R.#socialis#
transcript! R.#tardigrada#transcript! Top&blastx&hit! Top&blastx&description! Top&blastx&e5value! Blast2Go&annotation! GO&categories! EC&numbers!comp9382_c0_seq2! comp53291_c0_seq1! tr|Q6PC57|Q6PC57_DANRE! Paqr3a!protein! 2.00EV53! ! ! !comp16651_c0_seq1! comp66182_c1_seq2! tr|H2M4Z6|H2M4Z6_ORYLA! Uncharacterized!protein!! 1.00EV15! plexin!domainVcontaining!protein!2Vlike! GO:0005737;!GO:0001525;!GO:0005615;!GO:0005923;!GO:0030425;!GO:0005886;!GO:0005515;!GO:0016021;!GO:0043025!
!
comp20201_c0_seq2! comp59629_c0_seq1! tr|D8QEK7|D8QEK7_SCHCM! Putative!uncharacterized!protein!! 2.00EV08! ! ! !comp24545_c0_seq1! comp1060188_c0_seq1! tr|J9JX51|J9JX51_ACYPI! Uncharacterized!protein!! 5.00EV08! ! ! !comp24670_c0_seq1! comp41067_c0_seq1! tr|K1RBK2|K1RBK2_CRAGI! ! 2.00EV11! ! ! !comp26683_c0_seq1! comp59313_c0_seq2! tr|E8SJG7|E8SJG7_STAPH! Putative!uncharacterized!protein!! 2.00EV07! ! ! !comp29755_c0_seq3! comp70156_c0_seq22! tr|C3YL71|C3YL71_BRAFL! Putative!uncharacterized!protein!! 7.00EV111! sphingomyelin!synthaseVrelated!1Vlike! GO:0030176;!GO:2000303! !comp31341_c0_seq2! comp70682_c0_seq9! tr|B0R171|B0R171_DANRE! Coatomer!protein!complex,!subunit!beta!2! 3.00EV19! coatomer!subunit!beta! GO:0016905;!GO:0030117;!GO:0016192;!GO:0006886;!GO:0030903;!GO:0005198! EC:2.7.11.7!comp34194_c0_seq4! comp38457_c0_seq1! tr|E3M356|E3M356_CAERE! CREVNCSV2!protein!! 9.00EV16! neuronal!calcium!sensor!2! GO:0046872;!GO:0016491;!GO:0008152;!GO:0050789! EC:1!!!!!
!! 237!
Table&S6:&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!R.#sordida#and!R.#tardigrada#with!ω!>!1.!
R.#sordida#
transcript! R.#tardigrada#transcript! Top&blastx&hit! Top&blastx&description! Top&blastx&e5
value! Blast2Go&annotation! GO&categories! EC&numbers!comp39104_c0_seq4! comp61646_c0_seq2! tr|C3ZKQ9|C3ZKQ9_BRAFL! Putative!uncharacterized!protein!! 3.00EV23! isoform!d! GO:0050794! !comp22991_c0_seq1! comp41290_c1_seq1! tr|H9KGD6|H9KGD6_APIME! Uncharacterized!protein!! 4.00EV44! potassium!voltageVgated!channel!subfamily!kqt!member!1Vlike! GO:0007267;!GO:0030659;!GO:0048519;!GO:0051046;!GO:0070887;!GO:0051050;!GO:0051018;!GO:0010468;!GO:0086002;!GO:0060306;!GO:0086008;!GO:0071805;!GO:0061337;!GO:0005768;!GO:0008076;!GO:0086013;!GO:0019899!
!
comp34313_c0_seq1! comp52863_c0_seq2! tr|K1RAD9|K1RAD9_CRAGI! ! 5.00EV15! ! ! !comp26050_c0_seq1! comp57761_c0_seq1! tr|J9K0N3|J9K0N3_ACYPI! Uncharacterized!protein!! 2.00EV10! h+!transporting!atp!synthase!subunit!e! GO:0008553;!GO:0015986;!GO:0005811;!GO:0000276! EC:3.6.3.6!comp36985_c0_seq1! comp64858_c0_seq2! tr|F7HDR7|F7HDR7_MACMU! P2X!purinoceptor! 2.00EV52! p2x!purinoceptor!1! GO:0045121;!GO:0051291;!GO:0043005;!GO:0031240;!GO:0030168;!GO:0004931;!GO:0008270;!GO:0005262;!GO:0008144;!GO:0033198;!GO:0043270;!GO:0007320;!GO:0046513;!GO:0006919;!GO:0003056;!GO:0051924;!GO:0035249;!GO:0045211;!GO:0001614;!GO:0043234;!GO:0002554;!GO:0035590;!GO:0019228;!GO:0070588;!GO:0051260;!GO:0005887;!
!
!! 238!
GO:0005524;!GO:0008217!comp21392_c0_seq1! comp63889_c0_seq2! tr|E2B080|E2B080_CAMFO! Transmembrane!protein!120Vlike!protein!! 1.00EV12! transmembrane!protein!120!homolog! GO:0016021! !comp30940_c0_seq1! comp60303_c0_seq2! sp|A3KNS9|ARAID_DANRE! AllVtrans!retinoic!acidVinduced!differentiation!factor!
2.00EV27! apoptosisVrelated!protein!3Vlike! GO:0048523;!GO:0051094;!GO:0060255;!GO:0030154;!GO:0030278;!GO:0016020;!GO:0005634!
!
comp42428_c0_seq10! comp70350_c0_seq28! tr|C0QQH9|C0QQH9_PERMH! ! 9.00EV34! ! ! !comp11716_c0_seq1! comp70120_c1_seq3! tr|H3J8H2|H3J8H2_STRPU! Uncharacterized!protein!! 5.00EV15! ! ! !comp35842_c0_seq1! comp58278_c0_seq1! tr|D2V7W6|D2V7W6_NAEGR! Histone!H2A!! 1.00EV36! histone!h2a! GO:0000786;!GO:0006281;!GO:0003677;!GO:0006334;!GO:0046982;!GO:0005634! !comp40386_c0_seq1! comp57261_c0_seq1! tr|B7QG32|B7QG32_IXOSC! Flavohemoprotein!B5/b5r,!putative!! 3.00EV16! ! ! !comp764651_c0_seq1! comp68173_c0_seq1! tr|K5V115|K5V115_PHACS! Uncharacterized!protein!! 2.00EV13! ! ! !comp37609_c0_seq7! comp62026_c0_seq2! tr|G6CP75|G6CP75_DANPL! ! 2.00EV23! ! ! !comp21936_c0_seq1! comp60349_c0_seq1! tr|C6B4K0|C6B4K0_RHILS! ! 2.00EV21! amidohydrolase! GO:0008152;!GO:0047980! EC:3.5.1.32!comp42780_c1_seq1! comp18431_c0_seq1! tr|K1QUN3|K1QUN3_CRAGI! ! 2.00EV18! zinc!transporter!8! GO:0008324;!GO:0055085;!GO:0040010;!GO:0006812;!GO:0032440;!GO:0016021;!GO:0055114!
EC:1.3.1.74!
comp836149_c0_seq1! comp1579342_c0_seq1! tr|D6WT64|D6WT64_TRICA! Putative!uncharacterized!protein!! 3.00EV16! ! ! !comp41240_c0_seq6! comp65113_c0_seq2! tr|K1R5L0|K1R5L0_CRAGI! ! 1.00EV25! ! ! !comp40982_c0_seq7! comp54992_c0_seq1! tr|Q17AG5|Q17AG5_AEDAE! AAEL005302VPA!! 2.00EV42! betaV!Vgalactosyltransferase! GO:0003945;!GO:0007291;!GO:0008344;!GO:0007528;! EC:2.4.1.90;!EC:2.4.1.244!
!! 239!
GO:0032580;!GO:0016021;!GO:0046872;!GO:0006486;!GO:0006044;!GO:0009247;!GO:0033842!comp29342_c0_seq1! comp790430_c0_seq1! tr|A2G1H6|A2G1H6_TRIVA! Ankyrin!repeat!protein,!putative!! 4.00EV06! ! ! !comp29762_c1_seq1! comp685597_c0_seq1! sp|O76329|ACTNB_DICDI! Interaptin!! 1.00EV18! ! ! !comp40549_c0_seq3! comp67159_c0_seq1! tr|H3B9V8|H3B9V8_LATCH! Uncharacterized!protein!! 3.00EV19! ! ! !comp33107_c0_seq1! comp66717_c0_seq3! tr|B4I0T8|B4I0T8_DROSE! GM12376!! 5.00EV31! heparanValphaVglucosaminide!nVacetyltransferaseVlike! GO:0030001;!GO:0046872! !comp37762_c0_seq4! comp61600_c0_seq1! tr|K1QV51|K1QV51_CRAGI! ! 4.00EV19! microtubuleVassociated!protein!2! GO:0035085;!GO:0001764;!GO:0006921;!GO:0034399;!GO:0019901;!GO:0030426;!GO:0045298;!GO:0005829;!GO:0007628;!GO:0005874;!GO:0008017;!GO:0045773;!GO:0071813;!GO:0030424;!GO:0005875;!GO:0008088;!GO:0047497;!GO:0032387;!GO:0060632;!GO:0005886;!GO:0031116;!GO:0017124;!GO:0034185;!GO:0005200;!GO:0010506!
!
comp9772_c0_seq1! comp44781_c0_seq1! tr|G0MPV5|G0MPV5_CAEBE! Putative!uncharacterized!protein!! 3.00EV27! mitogenVactivated!protein!kinase!kinase!kinase!5! GO:0000166;!GO:0043408;!GO:0032147;!GO:0005737;!GO:0046872;!GO:0004674;!GO:0042802;!GO:0019899;!GO:0043280;!GO:0034599!
EC:2.7.11!
comp40522_c0_seq1! comp67179_c0_seq16! tr|D3ZHH1|D3ZHH1_RAT! DeltaVlike!protein!! 8.00EV09! ! ! !comp35418_c0 comp56412_c1_ tr|Q7PSW4|Q7 AGAP000984VPA!! 2.00EV11! ! ! !
!! 240!
_seq3! seq1! PSW4_ANOGA!comp43200_c0_seq2! comp62072_c0_seq5! sp|Q3ED15|WAXSA_ARATH! Putative!longVchainValcohol!OVfattyVacyltransferase!10! 5.00EV12! probable!longVchainValcohol!oVfattyVacyltransferase!5Vlike! GO:0016020;!GO:0016740! EC:2!comp36834_c0_seq4! comp55191_c0_seq1! tr|B3NLD7|B3NLD7_DROER! GG21085!! 1.00EV19! cytoplasmic!linker!protein!isoform!q! GO:0005875;!GO:0005794;!GO:0045169;!GO:0000776;!GO:0003779;!GO:0051010;!GO:0035371;!GO:0005938;!GO:0007349;!GO:0007017;!GO:0005876!
!
comp29608_c1_seq1! comp61746_c1_seq1! tr|K1QLT5|K1QLT5_CRAGI! ! 1.00EV37! phospholipase!membraneVassociatedVlike! GO:0001523;!GO:0060314;!GO:0016529;!GO:0086004;!GO:0090534;!GO:0086092;!GO:0016042;!GO:1901077;!GO:0004622;!GO:0004623;!GO:0046474;!GO:0016021;!GO:0086023;!GO:0048738;!GO:0036151;!GO:0051926;!GO:0090279;!GO:0010881;!GO:0007603;!GO:0010459;!GO:1901895;!GO:0005246;!GO:0016324;!GO:0042030!
EC:3.1.1.5;!EC:3.1.1.4!
comp22576_c0_seq1! comp60591_c0_seq1! tr|I3KRC4|I3KRC4_ORENI! Uncharacterized!protein!! 2.00EV33! ! ! !comp41859_c0_seq1! comp65521_c0_seq3! tr|B3RX17|B3RX17_TRIAD! Predicted!protein!! 8.00EV08! ! ! !comp40035_c0_seq1! comp52810_c0_seq3! tr|C3XY09|C3XY09_BRAFL! Putative!uncharacterized!protein! 3.00EV31! ! ! !comp42313_c2_seq5! comp69889_c0_seq7! tr|I1EAW3|I1EAW3_AMPQE! Uncharacterized!protein!! 5.00EV24! crebVbinding!protein! GO:0008270;!GO:0006355;!GO:0000123;!GO:0004402;!GO:0016573;!GO:0003713! EC:2.3.1.48!comp34044_c0_seq10! comp58478_c0_seq1! tr|E2AA40|E2AA40_CAMFO! Muscle!LIM!protein!Mlp84B!! 6.00EV07! cysteine!and!glycineVrich!protein!2! GO:0046872;!GO:0044699;!GO:0032502! !
!! 241!
comp38143_c0_seq2! comp61553_c0_seq3! tr|H2R3R1|H2R3R1_PANTR! Neuroligin!4,!YVlinked!! 1.00EV55! ! ! !comp543562_c0_seq1! comp6113_c0_seq1! tr|C6CZJ9|C6CZJ9_PAESJ! Putative!uncharacterized!protein!! 4.00EV41! ! ! !comp26450_c0_seq1! comp43805_c0_seq1! tr|H2WI53|H2WI53_CAEJA! Uncharacterized!protein!! 9.00EV32! ifaV!partial! GO:0009792;!GO:0002119;!GO:0007126;!GO:0005882;!GO:0040010;!GO:0005198! !comp25681_c1_seq3! comp34706_c0_seq1! tr|C5YDX9|C5YDX9_SORBI! Putative!uncharacterized!protein!! 7.00EV09! calmodulinVlike!3! GO:0005509! !comp35276_c0_seq4! comp67833_c0_seq24! tr|H2WI53|H2WI53_CAEJA! Uncharacterized!protein!! 3.00EV32! filament!protein! GO:0007275;!GO:0040007! !comp36421_c0_seq1! comp67357_c0_seq3! tr|H9IH18|H9IH18_ATTCE! ! 1.00EV05! ! ! !comp42597_c3_seq2! comp70354_c0_seq18! tr|I3JZE5|I3JZE5_ORENI! Uncharacterized!protein!! 3.00EV27! target!of!rapamycin!complex!2!subunit!mapkap1Vlike! GO:1901981! !comp36039_c0_seq1! comp41999_c0_seq1! tr|B1XLC1|B1XLC1_SYNP2! ! 1.00EV53! 5!Vnucleotidase! GO:0009166;!GO:0008253! EC:3.1.3.5!comp25880_c0_seq1! comp63114_c1_seq1! tr|F7AHN4|F7AHN4_MONDO! Uncharacterized!protein!! 2.00EV24! phospholipase!d1! GO:0004620;!GO:0016042;!GO:0007264;!GO:0046474;!GO:0005543;!GO:0005768;!GO:0042221;!GO:0008081;!GO:0031090;!GO:0040011;!GO:0012505;!GO:0044431;!GO:0005783!
EC:3.1.4!
comp42427_c0_seq2! comp65050_c0_seq3! tr|A7TA15|A7TA15_NEMVE! Predicted!protein!! 3.00EV06! ! ! !comp36353_c0_seq2! comp43520_c0_seq2! tr|Q802F5|Q802F5_DANRE! Selenoprotein!W,!2a!! 3.00EV19! ! ! !comp26444_c0_seq2! comp59112_c1_seq1! tr|A8PJB4|A8PJB4_BRUMA! MyotubularinVrelated!protein!2,!putative! 2.00EV07! ! ! !
!! 242!
comp40267_c0_seq1! comp62346_c0_seq6! tr|E0TKE9|E0TKE9_MYCHH! P3!! 7.00EV06! ! ! !comp42509_c0_seq3! comp63407_c0_seq4! tr|G3QA17|G3QA17_GASAC! Uncharacterized!protein!! 3.00EV10! heat!shock!protein!betaV1! GO:0005737;!GO:0005730;!GO:0005819;!GO:0046685;!GO:0009408! !comp34470_c0_seq2! comp62250_c0_seq4! tr|Q54M95|Q54M95_DICDI! Putative!uncharacterized!protein!! 5.00EV07! ! ! !comp41324_c0_seq4! comp35684_c0_seq1! tr|B0D1A3|B0D1A3_LACBS! ! 3.00EV102! ! ! !comp41080_c0_seq2! comp66808_c1_seq12! tr|D2A4S3|D2A4S3_TRICA! Putative!uncharacterized!protein!! 7.00EV63! rasVrelated!protein!rabV35! GO:0000910;!GO:0045171;!GO:0006909;!GO:0005739;!GO:0007264;!GO:0045202;!GO:0005905;!GO:0019003;!GO:0005546;!GO:0016197;!GO:0031253;!GO:0043025;!GO:0003924;!GO:0005811;!GO:0045334;!GO:0015031;!GO:0005525!
!
comp39737_c0_seq5! comp58928_c0_seq4! tr|E4Y229|E4Y229_OIKDI! ! 2.00EV12! ! ! !comp38868_c0_seq4! comp19218_c0_seq1! tr|F6UD77|F6UD77_CIOIN! Uncharacterized!protein!! 3.00EV08! ras!subfamily!protein! GO:0005525;!GO:0007264;!GO:0015031! !comp22227_c0_seq1! comp622222_c0_seq1! tr|K1R247|K1R247_CRAGI! ! 3.00EV42! condensin!complex!subunit!1! GO:0007076;!GO:0005694;!GO:0005634;!GO:0005829;!GO:0051301! !comp603281_c0_seq1! comp1235822_c0_seq1! tr|G3Q702|G3Q702_GASAC! Uncharacterized!protein! 1.00EV25! carboxypeptidase!z! GO:0072657;!GO:0004181;!GO:0042043;!GO:0008270;!GO:0003214;!GO:0006508;!GO:0007155;!GO:0050839;!GO:0030070;!GO:0005794!
EC:3.4.17!
comp39794_c1_seq1! comp58391_c2_seq2! tr|B3RM75|B3RM75_TRIAD! Putative!uncharacterized!protein!! 1.00EV47! ! ! !
!! 243!
comp8027_c0_seq1! comp564153_c0_seq1! tr|D2A035|D2A035_TRICA! Putative!uncharacterized!protein!! 2.00EV34! zinc!transporter!9! GO:0005385;!GO:0072511;!!GO:0071577;!GO:0005856;!GO:0045944;!GO:0016021;!GO:0030374;!GO:0000166;!GO:0016922;!GO:0003682;!GO:0005634!
!
comp40917_c0_seq6! comp63126_c0_seq1! tr|A2DIH2|A2DIH2_TRIVA! Ankyrin!repeat!protein,!putative!! 6.00EV22! ! ! !comp34712_c0_seq1! comp366216_c0_seq1! tr|I7LZQ6|I7LZQ6_TETTS! Uncharacterized!protein!! 9.00EV12! tnf!receptorVassociated!factor!6Vlike! GO:0007166;!GO:0009617;!GO:0006955;!GO:0071310;!GO:0048513;!GO:0046872;!GO:0016567;!GO:0010740;!GO:0030154;!GO:0071902;!GO:0044767;!GO:0006950;!GO:0002682!
!
comp35148_c0_seq1! comp65386_c0_seq3! tr|D7ELL5|D7ELL5_TRICA! Putative!uncharacterized!protein!! 1.00EV18! ! ! !comp15312_c0_seq1! comp59296_c0_seq2! tr|A7S2G1|A7S2G1_NEMVE! Predicted!protein!! 2.00EV17! ! ! !comp37934_c0_seq6! comp55986_c0_seq2! tr|F6QMF7|F6QMF7_XENTR! Uncharacterized!protein! 8.00EV08! ! ! !comp615706_c0_seq1! comp895073_c0_seq1! tr|B7QJ35|B7QJ35_IXOSC! DNA!polymerase!gamma,!putative!! 5.00EV17! dna!polymerase!subunit!gammaV1! GO:0005743;!GO:0003887;!GO:0005760;!GO:0042645;!GO:0006264;!GO:0003677;!GO:0002020;!GO:0000731;!GO:0006298;!GO:0006287;!GO:0007568;!GO:0004527;!GO:0003682!
EC:2.7.7.7!
comp35762_c0_seq2! comp62591_c1_seq2! tr|J9JPD0|J9JPD0_ACYPI! ! 1.00EV10! isoform!b! GO:0005705;!GO:0006355;!GO:0050821;!GO:2000495;!GO:0048471;!GO:0005634! !comp38837_c0_seq3! comp67766_c0_seq30! tr|G3UNX8|G3UNX8_MELGA! Uncharacterized!protein!! 4.00EV06! ! ! !
!! 244!
comp41046_c2_seq2! comp24512_c0_seq1! tr|E0VJ68|E0VJ68_PEDHC! Leucine!zipperVEFVhandVcontaining!transmembrane!protein!1,!putative!!
3.00EV23! letm1!and!efVhand!domainVcontaining!protein!anonV!mitochondrialVlike!
GO:0005509;!GO:0016021;!GO:0005739! !
comp32590_c1_seq1! comp69541_c0_seq1! tr|Q2JQF7|Q2JQF7_SYNJA! Pentapeptide!repeat!family!protein!! 3.00EV12! ! ! !comp30602_c1_seq1! comp56211_c0_seq1! tr|B9N0M4|B9N0M4_POPTR! Predicted!protein!! 2.00EV13! tpa:!uVbox!domain!protein!kinase!family! GO:0016567;!GO:0004842;!GO:0016772;!GO:0000166;!GO:0000151! EC:6.3.2.19;!EC:2.7!comp23186_c0_seq1! comp56875_c0_seq4! tr|C3ZME2|C3ZME2_BRAFL! Putative!uncharacterized!protein! 3.00EV16! ! ! !comp29446_c0_seq1! comp61720_c0_seq3! tr|G7WB88|G7WB88_DESOD! Lysophospholipase! 2.00EV56! lysophospholipase! GO:0016787! EC:3!comp26911_c0_seq1! comp576797_c0_seq1! tr|F6TUP8|F6TUP8_MONDO! Uncharacterized!protein!! 3.00EV10! ! ! !comp37925_c0_seq1! comp32666_c0_seq1! tr|E4XAR4|E4XAR4_OIKDI! ! 1.00EV07! ! ! !comp36167_c0_seq1! comp12243_c0_seq1! tr|E9GYA4|E9GYA4_DAPPU! Putative!uncharacterized!protein!! 6.00EV57! monocarboxylate!transporter!1! GO:0016021;!GO:0055085! !comp559511_c0_seq1! comp51836_c0_seq1! tr|F8NHR5|F8NHR5_SERL9! Putative!uncharacterized!protein!! 9.00EV11! zinc!finger!protein!835!isoform!1! GO:0003676;!GO:0046872! !comp42545_c2_seq1! comp69357_c0_seq6! tr|K1RAD2|K1RAD2_CRAGI! ! 1.00EV11! ! ! !comp551473_c0_seq1! comp1020737_c0_seq1! sp|Q6TUI4|DICER_BOVIN! Endoribonuclease!Dicer!! 3.00EV13! endoribonuclease!dicer!isoform!1! GO:0021522;!GO:0008026;!GO:0031069;!GO:0071335;!GO:0055013;!GO:0048754;!GO:2000630;!GO:0004525;!GO:0030422;!GO:0046872;!GO:0021987;!GO:0005829;!GO:0048713;!GO:0010070;!GO:0045069;!GO:0051726;!
EC:3.1.26.3!
!! 245!
GO:0009791;!GO:0006200;!GO:0035264;!GO:0032290;!GO:0051607;!GO:0045664;!GO:0045944;!GO:0021591;!GO:0003725;!GO:0031054;!GO:0048536;!GO:0014040;!GO:0021889;!GO:0031643;!GO:0048812;!GO:0005515;!GO:0000122;!GO:0005524;!GO:0060119;!GO:0035198;!GO:0010626;!GO:0030423;!GO:0051225;!GO:0035279;!GO:0001525;!GO:0021675;!GO:0035116;!GO:0043066;!GO:0016442;!GO:0070883;!GO:0019827;!GO:0060576;!GO:0030324;!GO:0070173!comp28197_c0_seq1! comp66711_c0_seq2! tr|H9K1A0|H9K1A0_APIME! Uncharacterized!protein!! 6.00EV36! protein!ubash3a!homolog! GO:0044699;!GO:0050789! !comp41751_c0_seq1! comp68333_c0_seq10! tr|H2KT03|H2KT03_CLOSI! Neuronal!calcium!sensor!2!! 7.00EV51! neuronal!calcium!sensor!2! GO:0005509! !comp43006_c2_seq1! comp59931_c0_seq2! tr|A2ETW9|A2ETW9_TRIVA! Viral!AVtype!inclusion!protein,!putative!! 7.00EV11! ! ! !comp34597_c0_seq6! comp65110_c0_seq9! tr|F4PBE3|F4PBE3_BATDJ! Putative!uncharacterized!protein!! 2.00EV06! ! ! !comp35844_c0_seq2! comp16054_c0_seq1! tr|F7CZ65|F7CZ65_XENTR! Uncharacterized!protein!! 3.00EV06! ! ! !comp24333_c0_seq2! comp64210_c0_seq4! tr|B7PYI4|B7PYI4_IXOSC! Putative!uncharacterized!protein! 3.00EV45! ! ! !comp498159_c0_seq1! comp60548_c0_seq8! tr|E9CG87|E9CG87_CAPO3! Nuclease!Le3!! 1.00EV15! endonuclease!3! GO:0048827;!GO:0009987;!GO:0048437;!GO:0004519;!GO:0048438! !
!! 246!
comp21755_c0_seq1! comp64252_c0_seq1! tr|H3CR72|H3CR72_TETNG! Uncharacterized!protein!! 6.00EV18! ! ! !comp38416_c0_seq9! comp38223_c0_seq1! sp|Q92982|NINJ1_HUMAN! NinjurinV1!! 4.00EV08! ninjurin!1! GO:0016021;!GO:0007155;!GO:0042246! !comp41033_c0_seq2! comp69169_c2_seq2! tr|F6UAJ2|F6UAJ2_CIOIN! ! 6.00EV19! ! ! !comp32376_c2_seq1! comp14142_c0_seq1! tr|B0DPA1|B0DPA1_LACBS! Predicted!protein!! 5.00EV09! ! ! !comp41837_c1_seq9! comp66753_c2_seq1! tr|C7G014|C7G014_DICDI! Putative!uncharacterized!protein!! 3.00EV06! ! ! !comp36162_c0_seq2! comp62467_c0_seq2! tr|K7IZ87|K7IZ87_NASVI! ! 1.00EV07! chymotrypsin!inhibitor!precursor! GO:0004867;!GO:0005615;!GO:0019870;!GO:0010466;!GO:0042151;!GO:0033644;!GO:0044562;!GO:0007596!
!
comp8953_c0_seq1! comp569673_c0_seq1! tr|A7RP74|A7RP74_NEMVE! Predicted!protein! 1.00EV14! symplekin! GO:0005923;!GO:0005856;!GO:0005730;!GO:0006378;!GO:0007155;!GO:0005515;!GO:0035307;!GO:0005654;!GO:0005737;!GO:0005886!
!
comp12350_c0_seq1! comp33281_c1_seq1! tr|E2A0X0|E2A0X0_CAMFO! E3!ubiquitinVprotein!ligase!! 3.00EV09! ! ! !comp33699_c0_seq1! comp56515_c0_seq1! tr|H2TH42|H2TH42_TAKRU! Uncharacterized!protein!! 2.00EV34! ! ! !comp33889_c0_seq2! comp57803_c0_seq1! tr|K7ITZ7|K7ITZ7_NASVI! ! 5.00EV46! zinc!metalloproteinase!nasV13Vlike! GO:0004222;!GO:0006508;!GO:0008270! EC:3.4.24!comp40589_c0_seq7! comp64735_c0_seq2! tr|I1GE48|I1GE48_AMPQE! ! 2.00EV16! tumor!suppressor!candidate!3Vlike! GO:0015693;!GO:0050890;!GO:0005886;!GO:0045454;!GO:0008250;!GO:0015095;!GO:0016021;!GO:0005739!
!
comp24711_c0_seq1! comp51640_c0_seq1! tr|F7DV78|F7DV78_XENTR! Uncharacterized!protein!! 1.00EV14! leucineVrich!repeatVcontaining!protein!34! GO:0008773! EC:2.7.7.59!comp587697_c0_seq1! comp27201_c0_seq1! tr|F2R8G2|F2R8G2_STRVP! UracilVDNA!glycosylase,!family!! 5.00EV13! uracilVdna!glycosylase! GO:0006471;!GO:0003956;!GO:0016798! EC:2.4.2.31;!EC:3.2!
!! 247!
comp41169_c1_seq5! comp1307089_c0_seq1! tr|D2QPP2|D2QPP2_SPILD! ! 5.00EV07! ! ! !comp38221_c0_seq2! comp60944_c0_seq2! tr|Q23CT5|Q23CT5_TETTS! Putative!uncharacterized!protein!! 1.00EV05! ! ! !comp20823_c0_seq1! comp70616_c1_seq3! tr|H3HS97|H3HS97_STRPU! Uncharacterized!protein!! 9.00EV11! ! ! !comp15643_c0_seq1! comp49807_c1_seq1! sp|Q6NY98|MCE1_DANRE! mRNAVcapping!enzyme!! 3.00EV40! mrnaVcapping!enzyme! GO:0035335;!GO:0019048;!GO:0004651;!GO:0006370;!GO:0004725;!GO:0008138;!GO:0004484;!GO:0005654;!GO:0005525;!GO:0006366!
EC:3.1.3.33;!EC:3.1.3.48;!EC:2.7.7.50!
comp41292_c2_seq2! comp70355_c1_seq1! tr|A2EJ44|A2EJ44_TRIVA! Viral!AVtype!inclusion!protein,!putative!! 2.00EV06! ! ! !comp22989_c0_seq1! comp38696_c1_seq1! tr|A7S5P1|A7S5P1_NEMVE! Predicted!protein! 3.00EV14! protein! GO:0007165! !comp23434_c0_seq1! comp46652_c0_seq2! tr|D7FKZ7|D7FKZ7_ECTSI! Putative!uncharacterized!protein!! 4.00EV20! ubiquitin!family!ring!domainVcontaining!protein! GO:0008270! !comp19121_c0_seq1! comp50904_c0_seq1! tr|H6BY07|H6BY07_EXODN! Putative!uncharacterized!protein!! 8.00EV18! ! ! !comp37386_c0_seq1! comp63935_c0_seq2! tr|Q0UKA9|Q0UKA9_PHANO! Putative!uncharacterized!protein!! 8.00EV47! ! ! !comp42907_c4_seq4! comp52788_c0_seq1! tr|D2A3X3|D2A3X3_TRICA! Putative!uncharacterized!protein! 3.00EV66! alkyl!hydroperoxide!thiol!specific! GO:0005829;!GO:0042744;!GO:0005875;!GO:0055114;!GO:0008340;!GO:0042594;!GO:0008354;!GO:0004602;!GO:0045454;!GO:0007155;!GO:0007281;!GO:0008379;!GO:0006974!
EC:1.11.1.9!
comp32203_c0 comp18389_c0_ tr|Q7PX50|Q7 AGAP001214VPA!! 8.00EV12! ! ! !
!! 248!
_seq1! seq1! PX50_ANOGA!comp26342_c0_seq1! comp1061779_c0_seq1! tr|Q55BN2|Q55BN2_DICDI! Putative!uncharacterized!protein!! 2.00EV06! ! ! !comp11417_c0_seq1! comp38500_c0_seq1! sp|Q8K4I6|CBY1_RAT! Protein!chibby!homolog!1!! 5.00EV12! protein!chibby!homolog!1! GO:0005802;!GO:0055007;!GO:0016607;!GO:0090090;!GO:0045892;!GO:0005794;!GO:0045444;!GO:0042802;!GO:0008104;!GO:0042384;!GO:0008013;!GO:0005932!
!
comp36138_c0_seq2! comp58643_c0_seq1! tr|I3K4L4|I3K4L4_ORENI! Uncharacterized!protein!! 1.00EV51! carbonic!anhydrase!4Vlike! GO:0005737;!GO:0005886;!GO:0006730;!GO:0004089;!GO:0016021;!GO:0008270! EC:4.2.1.1!comp39264_c2_seq1! comp63496_c0_seq3! tr|F1SU03|F1SU03_PIG! Uncharacterized!protein!! 2.00EV17! basement!membraneVspecific!heparan!sulfate!proteoglycan!core!protein!
GO:0048513;!GO:0044767;!GO:0043170;!GO:0009987! !
comp40804_c0_seq3! comp70597_c1_seq1! tr|A8WU67|A8WU67_CAEBR! Protein!CBRVIFBV1!! 2.00EV46! cytoplasmic!intermediate!filament!protein! GO:0048856;!GO:0007275;!GO:0044767;!GO:0044424! !comp36623_c0_seq1! comp39298_c0_seq1! tr|D7T1R5|D7T1R5_VITVI! Putative!uncharacterized!protein! 4.00EV10! protein! GO:0008270;!GO:0044435;!GO:0016874;!GO:0016020! EC:6!comp39232_c0_seq2! comp53709_c0_seq1! tr|C3ZRZ2|C3ZRZ2_BRAFL! Putative!uncharacterized!protein!! 1.00EV45! transmembrane!protease!serine!4! GO:0016020;!GO:0005044;!GO:0006508;!GO:0004252! EC:3.4.21!comp20056_c0_seq1! comp793891_c0_seq1! tr|A7RGY9|A7RGY9_NEMVE! Predicted!protein!! 7.00EV19! cysteine!desulfurase! GO:0008152;!GO:0031071;!GO:0030170! EC:2.8.1.7!comp999531_c0_seq1! comp68147_c0_seq1! tr|F4X630|F4X630_ACREC! CalpainVD!! 3.00EV27! ! ! !comp345356_c0_seq1! comp66918_c0_seq9! tr|B4N679|B4N679_DROWI! GK18015!! 2.00EV23! ! ! !comp43265_c4_seq3! comp61509_c0_seq1! tr|B3S3S4|B3S3S4_TRIAD! Putative!uncharacterized! 1.00EV22! fasVassociated!factor!1Vlike! GO:0048731;!GO:0042176;!GO:0007253;!GO:0043161;! !
!! 249!
protein!! GO:0019901;!GO:0045859;!GO:0031265;!GO:0030155;!GO:0043130;!GO:0005829;!GO:0031072;!GO:0019904;!GO:0005635;!GO:0031625;!GO:0031334;!GO:0043065;!GO:0034098;!GO:0019887;!GO:0051059;!GO:0048471!comp39510_c0_seq2! comp52694_c0_seq1! tr|K1QVY2|K1QVY2_CRAGI! ! 2.00EV07! ! ! !comp37387_c0_seq6! comp65333_c0_seq1! tr|H3HNC9|H3HNC9_STRPU! Uncharacterized!protein!! 2.00EV40! motile!sperm!domainVcontaining!protein!2! GO:0005198! !comp38493_c0_seq3! comp57938_c0_seq2! tr|H2UB84|H2UB84_TAKRU! Uncharacterized!protein!! 2.00EV55! ! ! !comp36153_c0_seq1! comp68655_c0_seq3! tr|C3XRV3|C3XRV3_BRAFL! DeltaVlike!protein!! 3.00EV11! ! ! !comp42290_c0_seq5! comp54257_c0_seq2! tr|H9GN73|H9GN73_ANOCA! P2X!purinoceptor! 8.00EV16! p2x!purinoceptor!4! GO:0010524;!GO:0035590;!GO:0042803;!GO:0001894;!GO:0002028;!GO:0097190;!GO:0005507;!GO:0045429;!GO:0014069;!GO:0034405;!GO:0004931;!GO:0005102;!GO:0042311;!GO:0019233;!GO:0008217;!GO:0055117;!GO:0060079;!GO:0010614;!GO:0030054;!GO:0051260;!GO:0008144;!GO:0050850;!GO:0043195;!GO:0005887;!GO:0048471;!GO:0008270;!GO:0005524;!GO:0055119;!GO:0045296;!GO:0042118;!GO:0045177;!GO:0001614;!GO:0032308;!GO:0043025;!GO:0043197;!GO:0019228;!GO:0033198!
!
!! 250!
comp42126_c0_seq34! comp68643_c0_seq8! tr|E0VW67|E0VW67_PEDHC! Denn!domainVcontaining!protein,!putative!! 3.00EV52! denn!domainVcontaining!protein!1b!isoform!1! GO:0030136;!GO:0017112;!GO:0005829;!GO:0015031! !comp42358_c1_seq8! comp69857_c0_seq3! tr|C3YI00|C3YI00_BRAFL! Putative!uncharacterized!protein!! 4.00EV137! ! ! !comp28485_c0_seq1! comp62455_c0_seq3! tr|B7PDF7|B7PDF7_IXOSC! Na+/K+!ATPase,!beta!subunit,!putative! 2.00EV45! na+!k+!beta! GO:0006812;!GO:0016020! !comp24254_c0_seq2! comp1660_c0_seq1! tr|A7T1N0|A7T1N0_NEMVE! Predicted!protein!! 2.00EV25! transient!receptor!potential!cation!channel!subfamily!m!member!1! GO:0044763;!GO:0044765;!GO:0005216;!GO:0016020!! !comp30746_c0_seq1! comp24828_c0_seq1! tr|E9BZK5|E9BZK5_CAPO3! Glycogenin! 5.00EV07! ! ! !comp37166_c0_seq5! comp65846_c0_seq1! tr|K1QVN6|K1QVN6_CRAGI! ! 4.00EV06! ! ! !comp29481_c1_seq1! comp70366_c0_seq7! tr|H2XP09|H2XP09_CIOIN! ! 1.00EV10! ! ! !comp39385_c0_seq2! comp68761_c0_seq1! tr|C4M610|C4M610_ENTHI! Viral!AVtype!inclusion!protein!repeat,!putative!! 4.00EV30! ! ! !comp38900_c0_seq1! comp62533_c1_seq1! tr|K1QRI4|K1QRI4_CRAGI! ! 7.00EV17! ! ! !comp42166_c0_seq1! comp322934_c0_seq1! tr|G3RHB1|G3RHB1_GORGO! Iodothyronine!deiodinase!! 9.00EV27! ! ! !comp33717_c0_seq1! comp66466_c3_seq9! tr|K1PNF3|K1PNF3_CRAGI! ! 3.00EV14! pdz!domain!protein! GO:0005080;!GO:0031143;!GO:0008270;!GO:0003712;!GO:0045214;!GO:0001942;!GO:0035019;!GO:0030274;!GO:0005667;!GO:0010669;!GO:0005856;!GO:0051371;!GO:0030018;!GO:0045944;!GO:0048471;!GO:0044089;!GO:0005634!
!
!! 251!
comp31134_c0_seq1! comp68140_c0_seq8! tr|J9JV98|J9JV98_ACYPI! ! 1.00EV36! ! ! !comp41046_c2_seq7! comp57117_c0_seq3! tr|E5SRM8|E5SRM8_TRISP! ! 2.00EV14! ! ! !comp42131_c6_seq1! comp67517_c0_seq5! tr|A2FX23|A2FX23_TRIVA! Formin!Homology!2!Domain!containing!protein!! 5.00EV07! ! ! !comp42201_c0_seq3! comp67567_c0_seq1! tr|K0NKH8|K0NKH8_DESTT! ! 7.00EV25! ! ! !comp43170_c0_seq8! comp62924_c0_seq4! tr|I1FSK9|I1FSK9_AMPQE! Uncharacterized!protein!! 2.00EV15! ! ! !comp601719_c0_seq1! comp48271_c0_seq1! tr|G8LSC2|G8LSC2_CLOCD! Putative!uncharacterized!protein!! 2.00EV10! ! ! !comp43251_c0_seq1! comp61996_c1_seq2! tr|G1XSG7|G1XSG7_ARTOA! Putative!uncharacterized!protein!! 5.00EV06! ! ! !comp33571_c1_seq3! comp57625_c0_seq1! tr|F7CMI3|F7CMI3_ORNAN! Histone!H2B!! 2.00EV10! ! ! !comp42282_c0_seq32! comp60033_c0_seq3! tr|H2M4X5|H2M4X5_ORYLA! Uncharacterized!protein! 5.00EV98! ! ! !comp757492_c0_seq1! comp64104_c0_seq1! tr|D8U159|D8U159_VOLCA! Putative!uncharacterized!protein!! 3.00EV07! ! ! !comp42131_c6_seq2! comp67517_c0_seq2! tr|A2FX23|A2FX23_TRIVA! Formin!Homology!2!Domain!containing!protein!! 3.00EV07! ! ! !comp499193_c0_seq1! comp46264_c0_seq1! tr|G3RCJ3|G3RCJ3_GORGO! Uncharacterized!protein! 2.00EV22! protein!kinase!c!theta!type!isoform!2! GO:0006955;!GO:0044464;!GO:0044260;!GO:0044707;!GO:0002684;!GO:0019538;!GO:0009605;!GO:0007166;!GO:0048583;!GO:0050865;!GO:0048522;!GO:0051239;!GO:0016301;!GO:0005488;!
!
!! 252!
GO:0009611!comp20233_c0_seq1! comp30178_c0_seq2! tr|F6Z004|F6Z004_CIOIN! Uncharacterized!protein!! 6.00EV12! ! ! !comp26745_c0_seq1! comp8339_c0_seq1! tr|B2VRC8|B2VRC8_PYRTR! UDPVglucose,sterol!transferase!! 2.00EV06! ! ! !comp42805_c0_seq5! comp67529_c0_seq1! tr|A7RZ93|A7RZ93_NEMVE! Predicted!protein! 1.00EV11! ! ! !comp42062_c1_seq1! comp69520_c0_seq11! tr|A7S526|A7S526_NEMVE! Predicted!protein!! 3.00EV08! ! ! !comp40560_c3_seq2! comp60049_c0_seq2! tr|K1Q531|K1Q531_CRAGI! ! 3.00EV22! activating!transcription!factorV!isoform!b! GO:0005704;!GO:0031618;!GO:0030431;!GO:0070829;!GO:0001077;!GO:0002385;!GO:0071470;!GO:0009651;!GO:0005701;!GO:0031453;!GO:0016021;!GO:0043565;!GO:0034605;!GO:0045944;!GO:0042803;!GO:0010866;!GO:0051403!
!
comp21312_c0_seq1! comp421275_c0_seq1! tr|E1C7I3|E1C7I3_CHICK! Uncharacterized!protein! 1.00EV40! histamine!h3!receptorVlike! GO:0004930;!GO:0007165! !comp1855_c0_seq1! comp23311_c0_seq1! tr|F1QTS7|F1QTS7_DANRE! Uncharacterized!protein!! 5.00EV07! ! ! !comp42028_c0_seq3! comp56011_c0_seq2! tr|H9KPP9|H9KPP9_APIME! ! 2.00EV17! ceramide!kinase! GO:0005488;!GO:0016301;!GO:0044424;!GO:0044237! !comp34421_c0_seq1! comp45104_c0_seq1! tr|J6EWW8|J6EWW8_TRIAS! ! 6.00EV09! ! ! !comp42764_c0_seq2! comp69512_c0_seq2! tr|J9JXM6|J9JXM6_ACYPI! ! 2.00EV08! ! ! !comp36008_c0_seq1! comp62312_c0_seq1! tr|I1FKG1|I1FKG1_AMPQE! Uncharacterized!protein!! 2.00EV63! phosphoglycerate!mutase! GO:0010363;!GO:0009963;!GO:0006612;!GO:0016310;!GO:0016301;!GO:0010583;!GO:0009407!
!
comp32220_c0_seq4! comp18569_c0_seq1! tr|Q22C74|Q22C74_TETTS! Putative!uncharacterized! 2.00EV06! ! ! !
!! 253!
protein!!comp39186_c0_seq5! comp62005_c0_seq3! tr|F1ME41|F1ME41_BOVIN! ! 3.00EV14! dynein!light!chain!cytoplasmic! GO:0007018;!GO:0003774;!GO:0042623;!GO:0005868! !comp38206_c1_seq1! comp63716_c0_seq2! tr|E1ZY63|E1ZY63_CAMFO! Monocarboxylate!transporter!12!! 4.00EV45! monocarboxylate!transporter! GO:0055085;!GO:0016021! !comp38555_c1_seq2! comp66334_c0_seq2! tr|H2Y9P8|H2Y9P8_CIOSA! ! 5.00EV26! disabled!homolog!2Vlike! GO:0016358;!GO:0021942;!GO:0043005;!GO:0007219;!GO:0051645;!GO:0016020;!GO:0097477;!GO:0048712;!GO:0021589;!GO:0050771;!GO:0006898;!GO:0007162;!GO:0005543;!GO:0007494;!GO:0021813;!GO:0005829;!GO:0007628;!GO:0043548;!GO:0042169;!GO:0046426;!GO:0007264;!GO:0043025;!GO:0021517;!GO:0045860;!GO:0005903;!GO:0042493;!GO:0014069;!GO:0045666;!GO:0045177;!GO:0048471!
!
comp38917_c0_seq2! comp68074_c0_seq7! tr|F6HNZ7|F6HNZ7_VITVI! Putative!uncharacterized!protein! 2.00EV12! ! ! !comp43114_c3_seq1! comp62439_c0_seq1! tr|A8E7S8|A8E7S8_DANRE! Novel!protein!! 6.00EV09! ! ! !comp30204_c0_seq1! comp63256_c0_seq2! tr|A2E8H6|A2E8H6_TRIVA! Viral!AVtype!inclusion!protein,!putative!! 3.00EV13! ! ! !comp40500_c1_seq4! comp65641_c1_seq5! tr|D9SP55|D9SP55_CLOC7! NBVARC!domain!protein!! 3.00EV10! tpr!repeat!containing!protein! GO:0043531;!GO:0005543;!GO:0005871;!GO:0003777! !comp4607_c0_seq1! comp31209_c0_seq1! tr|B7Q4F3|B7Q4F3_IXOSC! Putative!uncharacterized!protein!! 4.00EV08! ! ! !comp42822_c1 comp64466_c0_ tr|E5SB51|E5S ! 1.00EV23! zinc!transporter!10! GO:0016021;!GO:0008324;! !
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_seq6! seq8! B51_TRISP! GO:0006812;!GO:0055085!comp38555_c1_seq3! comp66334_c0_seq7! tr|H2Y9P8|H2Y9P8_CIOSA! ! 6.00EV26! ! ! !comp42157_c0_seq7! comp57511_c0_seq2! tr|K7J3H1|K7J3H1_NASVI! ! 4.00EV07! ! ! !comp27599_c0_seq2! comp63617_c0_seq6! tr|I3KBX5|I3KBX5_ORENI! Uncharacterized!protein!! 2.00EV07! ! ! !!!!!!!!!!!!!!!!!!!!!!!!
!! 255!
Table&S7:&top!blastx!hit!in!UniProtKB,!Gene!Ontology!(GO)!annotations!and!Enzyme!Commission!(EC)!numbers!for!transcripts!common!to!all!four!Rotaria#species!with!support!for!model!M2a!as!a!better!fit!than!M1a.!!
R.#
magnacalca
rata#
transcript&
R.#socialis#
transcript&
R.#sordida#
transcript#
R.#tardigrada#
transcript&
top&BLASTX&
hit&
top&blastx&
description&
top&
blastx&
e5
value&
Blast2Go&
annotation&
GO&categories& EC&
numbers&
comp1228_c0_seq1! comp511224_c0_seq1! comp32387_c0_seq1! comp712_c0_seq1! tr|F6U0L6|F6U0L6_XENTR! Uncharacterized!protein! 6.00EV77! dna!polymerase!gamma! GO:0003887;!GO:0006260;!GO:0003677;!GO:0005760! EC:2.7.7.7!comp14657_c0_seq1! comp24773_c0_seq1! comp33624_c0_seq1! comp59637_c0_seq1! tr|D6WKJ3|D6WKJ3_TRICA! Putative!uncharacterized!protein!! 1.00EV05! ! ! !comp18848_c0_seq1! comp19308_c0_seq2! comp42689_c2_seq4! comp70498_c0_seq8! tr|H2XV68|H2XV68_CIOIN! Uncharacterized!protein!! 2.00EV55! upf0663!transmembrane!protein!c17orf28!homolog!isoform!1!
GO:0005797;!GO:0000138;!GO:0005886;!GO:0090498;!GO:0006886;!GO:0031001;!GO:0005881!
!
comp19216_c0_seq1! comp31045_c0_seq2! comp40658_c0_seq1! comp67859_c0_seq1! tr|H2JNG3|H2JNG3_STRHJ! BetaVlactamase!! 5.00EV50! ! ! !comp19314_c0_seq3! comp36608_c2_seq1! comp32599_c0_seq3! comp64520_c0_seq1! tr|H2YFB0|H2YFB0_CIOSA! ! 5.00EV176! phosphoacetylglucosamine!mutase! GO:0004610;!GO:0005829;!GO:0030097;!GO:0005975;!GO:0019255;!GO:0007283;!GO:0006048;!GO:0000287;!GO:0004614;!GO:0009790!
EC:5.4.2.3;!EC:5.4.2.2!
comp20325_c0_seq1! comp40435_c0_seq1! comp50446_c0_seq1! comp59878_c0_seq3! tr|E0VVZ1|E0VVZ1_PEDHC! Putative!uncharacterized!protein!! 7.00EV09! ! ! !comp21786_c1_seq1! comp16751_c0_seq1! comp40980_c5_seq2! comp62506_c0_seq3! tr|K1QVP2|K1QVP2_CRAGI! ! 9.00EV06! retinal!homeobox!protein!rx1Vlike!
GO:0060173;!GO:0021854;!GO:0006355;!GO:0060219;!GO:0010842;!GO:0043565;!GO:0003700;!GO:0007389;!GO:0005634!
!
!! 256!
comp22651_c1_seq1! comp289494_c0_seq1! comp28350_c0_seq2! comp64375_c0_seq8! tr|K7J1M5|K7J1M5_NASVI! ! 3.00EV109! lipase!maturation!factor!2Vlike! GO:0016021;!GO:0005789! !comp22811_c0_seq2! comp9397_c0_seq1! comp42606_c0_seq4! comp70218_c0_seq3! tr|C3YCJ1|C3YCJ1_BRAFL! Putative!uncharacterized!protein!! 4.00EV75! dihydropyrimidine!dehydrogenase! GO:0006214;!GO:0050660;!GO:0006145;!GO:0051539;!GO:0002058;!GO:0050661;!GO:0009055;!GO:0004158;!GO:0005829;!GO:0046872;!GO:0019483;!GO:0006212;!GO:0042493;!GO:0006222;!GO:0055114;!GO:0042803;!GO:0017113;!GO:0006210;!GO:0007584;!GO:0007623!
EC:1.3.3.1;!EC:1.3.1.2!
comp23422_c0_seq1! comp31216_c0_seq3! comp38961_c0_seq2! comp65871_c1_seq1! tr|J9JTG2|J9JTG2_ACYPI! Uncharacterized!protein!! 6.00EV112! dynein!heavy!chain! GO:0006810;!GO:0005515;!GO:0005794;!GO:0034063;!GO:0005874;!GO:0003777;!GO:0030286;!GO:0005813;!GO:0070062;!GO:0016887;!GO:0006200;!GO:0007018;!GO:0005524;!GO:0033962!
EC:3.6.1.3!
comp25122_c0_seq1! comp20254_c0_seq1! comp27159_c0_seq1! comp67776_c0_seq1! tr|D2QPP2|D2QPP2_SPILD! ! 1.00EV37! ! ! !comp25346_c0_seq1! comp22433_c0_seq1! comp34532_c0_seq1! comp59830_c1_seq2! tr|F6HAW3|F6HAW3_VITVI! Putative!uncharacterized!protein!! 1.00EV10! ! ! !comp26113_c0_seq1! comp31432_c0_seq1! comp29610_c0_seq1! comp69848_c0_seq3! tr|F7AZ47|F7AZ47_CIOIN! Uncharacterized!protein!! 1.00EV50! fibropellinV1V!partial! GO:0044699;!GO:0032502! !comp26135_c0_seq5! comp46168_c0_seq1! comp39374_c0_seq2! comp65178_c1_seq2! sp|P18253|CYPH_SCHPO! PeptidylVprolyl!cisVtrans!isomerase!!
3.00EV85! peptidylVprolyl!cisVtrans!isomerase! GO:0006457;!GO:0000413;!GO:0003755;!GO:0005622! EC:5.2.1.8!comp26229_c0_seq1! comp13336_c0_seq1! comp34184_c0_seq1! comp68785_c2_seq4! tr|B4JNN2|B4JNN2_DROGR! GH24851!! 6.00EV161! membrane!metalloVendopeptidaseVlike!1Vlike!
GO:0016021;!GO:0004222;!GO:0006508! EC:3.4.24!
!! 257!
comp26305_c0_seq1! comp38217_c0_seq4! comp38487_c0_seq2! comp64676_c0_seq2! tr|F2UIE7|F2UIE7_SALS5! Putative!uncharacterized!protein!! 2.00EV21! ! ! !comp26874_c0_seq1! comp29638_c0_seq4! comp36947_c0_seq4! comp68323_c0_seq6! tr|H2LVE7|H2LVE7_ORYLA! ! 9.00EV64! riboflavin!transporter!2Vlike! GO:0044699;!GO:0005886;!GO:0006810;!GO:0016021! !comp26974_c0_seq1! comp36117_c0_seq2! comp33073_c0_seq3! comp59640_c0_seq2! tr|C3Y0J3|C3Y0J3_BRAFL! Putative!uncharacterized!protein!! 7.00EV71! maguk!p55!subfamily!member!5! GO:0035749;!GO:0070830;!GO:0043234;!GO:0005923;!GO:0035750;!GO:0043220;!GO:0043219;!GO:0090002;!GO:0019904;!GO:0032288;!GO:0012505;!GO:0032287;!GO:0005737;!GO:0005886!
!
comp27195_c0_seq1! comp32211_c0_seq1! comp33570_c0_seq1! comp62271_c0_seq5! tr|D7FIN3|D7FIN3_ECTSI! Microsomal!Glutathione!SVtransferase!
4.00EV38! microsomal!glutathione!sVtransferase!3Vlike!protein!
GO:0016740! !
comp27666_c0_seq1! comp22266_c0_seq1! comp26867_c0_seq1! comp59781_c0_seq1! tr|C3XW12|C3XW12_BRAFL! Putative!uncharacterized!protein!! 4.00EV27! ! ! !comp28076_c0_seq3! comp28316_c0_seq23! comp38377_c0_seq5! comp68364_c2_seq6! tr|C3XTX1|C3XTX1_BRAFL! Putative!uncharacterized!protein!! 9.00EV78! programmed!cell!death!protein!6Vlike! GO:0005509! !comp28753_c1_seq1! comp35387_c0_seq2! comp29608_c2_seq1! comp61746_c0_seq2! sp|Q3TTY0|PLB1_MOUSE! Phospholipase!B1,!membraneVassociated!!
3.00EV54! phospholipase!membraneVassociated! GO:0031526;!GO:0086092;!GO:0016324;!GO:0016529;!GO:0016042;!GO:0046474;!GO:0090279;!GO:0048738;!GO:0042572;!GO:0036151;!GO:0004623;!GO:1901077;!GO:0060314;!GO:1901895;!GO:0005246;!GO:0007603;!GO:0010459;!GO:0010881;!GO:0086023;!GO:0050253;!GO:0042030;!GO:0016021;!GO:0004622;!GO:0090534;!
EC:3.1.1.4;!EC:3.1.1.5!
!! 258!
GO:0051926;!GO:0086004!comp28868_c0_seq1! comp28689_c0_seq1! comp38464_c3_seq5! comp63606_c0_seq1! tr|E4WRD0|E4WRD0_OIKDI! ! 1.00EV52! eukaryotic!translation!initiation!factor!4e!type!3!
GO:0006413;!GO:0019221;!GO:0005845;!GO:0003743;!GO:0006417;!GO:0005829! !comp29355_c0_seq2! comp31994_c0_seq1! comp43238_c0_seq5! comp69101_c1_seq4! tr|A8ZXE3|A8ZXE3_DESOH! Putative!uncharacterized!protein!! 1.00EV41! ! ! !comp29392_c1_seq1! comp35541_c0_seq1! comp28332_c2_seq1! comp61119_c0_seq1! tr|D4A3V3|D4A3V3_RAT! ! 4.00EV11! ! ! !comp29420_c0_seq1! comp32749_c0_seq1! comp34785_c0_seq1! comp61148_c0_seq3! tr|J9JPD0|J9JPD0_ACYPI! ! 5.00EV14! myeloid!leukemia!factorVlike! GO:0005705;!GO:0006355;!GO:0050821;!GO:2000495;!GO:0048471;!GO:0005634! !comp29505_c0_seq2! comp34670_c0_seq7! comp36654_c0_seq2! comp59155_c0_seq3! tr|G1PMY6|G1PMY6_MYOLU! Folylpolyglutamate!synthase!! 2.00EV109! folylpolyglutamate!mitochondrial! GO:0004326;!GO:0006730;!GO:0046901;!GO:0005524! EC:6.3.2.17!comp29583_c0_seq1! comp24178_c0_seq1! comp29507_c0_seq1! comp65987_c0_seq2! tr|K1QLT5|K1QLT5_CRAGI! ! 5.00EV92! phospholipase!membraneVassociatedVlike! GO:0031526;!GO:0086092;!GO:0016324;!GO:0016529;!GO:0016042;!GO:0046474;!GO:0090279;!GO:0048738;!GO:0042572;!GO:0036151;!GO:0004623;!GO:1901077;!GO:0060314;!GO:1901895;!GO:0005246;!GO:0007603;!GO:0010459;!GO:0010881;!GO:0086023;!GO:0050253;!GO:0042030;!GO:0016021;!GO:0004622;!GO:0090534;!GO:0051926;!GO:0086004!
EC:3.1.1.4;!EC:3.1.1.5!
comp6351_c0_seq1! comp24514_c0_seq1! comp29508_c0_seq1! comp66809_c0_seq7! tr|B4N224|B4N224_DROWI! GK16414!! 2.00EV37! ! ! !comp29857_c0_seq1! comp25942_c0_seq1! comp36827_c0_seq1! comp67901_c0_seq3! tr|K1QYH5|K1QYH5_CRAG ! 1.00EV172! ubiquitin!carboxylV GO:0006511;!GO:0004221;!GO:0000502;!GO:0008234;! EC:3.1.2.15!
!! 259!
I! terminal!hydrolase!14! GO:0061136;!GO:0004866;!GO:0045202;!GO:0010951;!GO:0050920;!GO:0009986;!GO:0016023;!GO:0007268;!GO:0070628;!GO:0005886!comp30120_c0_seq2! comp34432_c0_seq2! comp41806_c0_seq1! comp65595_c0_seq8! tr|G4VNB4|G4VNB4_SCHMA! Ceramidase!! 7.00EV19! ferricVchelate!reductase!1! GO:0017040! EC:3.5.1.23!comp30139_c0_seq2! comp29086_c0_seq1! comp39086_c0_seq1! comp69637_c0_seq2! tr|B4G3L5|B4G3L5_DROPE! GL24465!! 3.00EV93! ! ! !comp30514_c0_seq3! comp36993_c0_seq5! comp34457_c0_seq1! comp57646_c0_seq1! tr|A7S726|A7S726_NEMVE! Predicted!protein!! 2.00EV48! suppressor!of!g2!allele!of!skp1!homolog! GO:0045087;!GO:0000776;!GO:0007067;!GO:0005634;!GO:0005829;!GO:0035872;!GO:0000151!
!
comp30578_c0_seq1! comp36772_c0_seq3! comp23883_c0_seq1! comp55540_c0_seq2! tr|K1QSY2|K1QSY2_CRAGI! ! 4.00EV33! ! ! !comp31020_c0_seq5! comp8187_c0_seq1! comp41737_c0_seq11! comp66760_c0_seq8! tr|F7EM48|F7EM48_CALJA! Uncharacterized!protein!! 2.00EV67! zinc!transporter!zip9!isoform!1! GO:0016021;!GO:0046873;!GO:0006829;!GO:0055085! !comp31284_c0_seq3! comp32590_c0_seq1! comp33672_c0_seq1! comp68834_c0_seq1! tr|K1P8Z2|K1P8Z2_CRAGI! ! 0! histidineVVtrna!cytoplasmic!isoform!1! GO:0005737;!GO:0006427;!GO:0005524;!GO:0004821! EC:6.1.1.21!comp31928_c0_seq1! comp35928_c0_seq18! comp35691_c1_seq1! comp60297_c0_seq3! tr|E0VUG1|E0VUG1_PEDHC! Putative!uncharacterized!protein!! 4.00EV11! lysm!and!peptidoglycanVbinding!domainVcontaining!protein!1Vlike!
GO:0016998! !
comp32103_c0_seq48! comp38233_c2_seq1! comp41268_c1_seq32! comp69542_c2_seq6! tr|Q2LZS0|Q2LZS0_DROPS! GA16892! 2.00EV43! alan!isoform!a! GO:0000166;!GO:0042332;!GO:0003729! !comp32391_c0_seq1! comp36866_c0_seq1! comp33834_c0_seq2! comp694452_c0_seq1! tr|E9BWF9|E9BWF9_CAPO3! Predicted!protein!! 1.00EV48! ! ! !comp32407_ comp30851 comp35626 comp63618_c tr|G1RXS5|G1 Uncharacter 5.00EV tm2!domainV GO:0004930;!GO:0005887;! !
!! 260!
c0_seq4! _c0_seq1! _c0_seq1! 0_seq1! RXS5_NOMLE! ized!protein!! 32! containing!protein!1! GO:0001540;!GO:0097190;!GO:0007186!comp32412_c0_seq2! comp18964_c0_seq1! comp41579_c0_seq3! comp63774_c0_seq3! tr|I8IEF2|I8IEF2_ASPO3! ! 2.00EV18! ! ! !comp32514_c0_seq2! comp36959_c0_seq1! comp40641_c1_seq4! comp67818_c0_seq2! tr|H3B8E9|H3B8E9_LATCH! Uncharacterized!protein!! 4.00EV122! protein!phosphatase!slingshot!homolog!1!
GO:0008138;!GO:0030027;!GO:0004725;!GO:0008064;!GO:0005737;!GO:0003779;!GO:0035335;!GO:0032154;!GO:0003677;!GO:0005856;!GO:0010591;!GO:0030496;!GO:0032268;!GO:0071318;!GO:0005886;!GO:0050770!
EC:3.1.3.48!
comp32907_c0_seq1! comp38099_c0_seq1! comp36826_c0_seq1! comp69155_c0_seq1! tr|Q17J63|Q17J63_AEDAE! AAEL002128VPA!! 2.00EV58! transmembrane!protease!serine!13! GO:0016020;!GO:0006508;!GO:0004252! EC:3.4.21!comp33009_c2_seq3! comp36239_c0_seq5! comp34567_c0_seq3! comp70285_c0_seq2! tr|B7PGR0|B7PGR0_IXOSC! Ubiquitin!carboxylVterminal!hydrolase!!
5.00EV74! ubiquitin!carboxylVterminal!hydrolase!22!
GO:0043967;!GO:0008270;!GO:0010485;!GO:0000124;!GO:0045931;!GO:0006511;!GO:0016574;!GO:0004843;!GO:0016578;!GO:0004221;!GO:0045893;!GO:0030374!
EC:3.1.2.15!
comp33071_c0_seq5! comp415867_c0_seq1! comp41898_c0_seq2! comp59226_c0_seq1! tr|A0LJV3|A0LJV3_SYNFM! Thaumatin,!pathogenesisVrelated!protein!!
7.00EV61! ! ! !
comp33085_c0_seq2! comp732872_c0_seq1! comp38794_c0_seq1! comp66453_c0_seq1! tr|C3YEF9|C3YEF9_BRAFL! Putative!uncharacterized!protein!! 7.00EV44! matrix!metalloproteinaseV16Vlike! GO:0046872;!GO:0008237! !comp33104_c0_seq7! comp36329_c0_seq4! comp23460_c0_seq1! comp357408_c0_seq1! tr|E1C916|E1C916_CHICK! CysteineVrich!motor!neuron!1!protein!!
3.00EV06! ! ! !
comp33168_c0_seq2! comp38137_c0_seq3! comp42816_c0_seq11! comp69733_c0_seq3! tr|K1Q5J3|K1Q5J3_CRAGI! ! 7.00EV42! ! ! !
!! 261!
comp33345_c0_seq3! comp38047_c0_seq8! comp42695_c0_seq10! comp63736_c0_seq4! tr|K1QRD1|K1QRD1_CRAGI! ! 1.00EV25! ! ! !comp34335_c0_seq1! comp48991_c0_seq1! comp25962_c0_seq1! comp62870_c0_seq1! tr|B7QKY7|B7QKY7_IXOSC! NADH:ubiquinone!oxidoreductase!
2.00EV18! ! ! !
comp36059_c0_seq1! comp33832_c1_seq1! comp33730_c0_seq1! comp58186_c0_seq3! tr|B7PPW8|B7PPW8_IXOSC! Secreted!protein,!putative! 3.00EV29! cdgsh!ironVsulfur!domainVcontaining!protein!mitochondrialVlike!
GO:0051537;!GO:0043231! !
comp472256_c0_seq1! comp1113859_c0_seq1! comp42711_c0_seq1! comp62056_c0_seq2! tr|C7PPY6|C7PPY6_CHIPD! Glycosyl!hydrolase!family!88!! 5.00EV81! glycosyl!hydrolase!family!88! GO:0008152;!GO:0016787! EC:3!comp5958_c0_seq1! comp565643_c0_seq1! comp25826_c0_seq1! comp65341_c0_seq1! tr|Q87Z52|Q87Z52_PSESM! ! 7.00EV18! ! ! !!!
&
